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ABSTRACT

A study bas been conducted to gather data pertaining to limitations
on man's adaptability to long-term spece flights and to possibie methods
for considerably reducing life support problems during such flights.

Specifically the applicability of ertificlal organs, drugs, and hypothermia
2cifically the , rugs, and hypothermi

during such flights in considered in detail.

In adiition, there is included the study on the development of a
mathematical and dynemic model of the human heart -and cardiovascular
system in a space environment. :
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T. ITRODUCTICH

The CYBORG study 1. the study of man. It concerns itsell wlth the
determination of man's capabilities and limitations under the unpredictable
and ofton hostile conditions of space flight, and the theoretlcal possi-
bility of incorporating artificial organs, drugs e.nd/or hypothermis as
“integral parts cof the life support systems in space craft design of the
future as a means of reducing metabolic demnnds and the attendant life
suppoers requirement:. By this aprroach it i5 hoped that the effieciency
ard longevity of the life process on board space flights may te increased.
Tt covers thece new areas in detail in order to determiie whether their
application or utilization car assurc the continued contributicn of man to
the success of prolonged cpace £1ishts cr interplanetary exploration with-
out threatening nis safety during such flights. The idea of modifying man
ts an advanced concept which must supersede conventional thinking and which
will, in the long run, provide us with basic research data in the funda-
mental physiclogy of man durlng the conditions of space travel.

The Phase I CYBORG study hus two principal task areas. Task A is a
detailed consideration of the advisability and practicability of using
artificial organs, hypothermia and/or drugs in adapting man to a space
“environment.

mask P is the collection and study of data relating to the operation
of the luman heart in a space environment. This has included the develop-
ment- of a mathematical and physical dynamic model.

This report 1s divided into seven major sections. The sections on
artificial organs, hypothermin, drugz.,. sensory deprivation, and < rdio-
vasculer models represent the detailed discussion of the roles each may
play =i space fligshts of the future.

sectiorn IT thorowshly analyzes the nistory, development, state-of-
the-&x*, and future direztions in the flelds.of-the--artificial lung, the

artificial heart, the artificial kidney and Wm,
{ing equipment. A1l of the proolems assoctated with the development oL
cuch units, physical, mechanical, and physiological, are considered in
detail. Various exizting models of each of the units used in present-day
clinical procedures are illustrated and evaluated. Conclusions V:ased on
+his information indicate limited application of artificial organs to
space craft life support system design, with certain reservationr however.

Section III follows tne seme general plan of analysis with great
stress being pleced on the physiologic aberrations and responses to arti-
fictally reduced body temperature. Methods by whidch body temperature can
be lowered either by extemmal means or rlactrical neurologic stimulation
ape covered thoroughly. The effect of this tewuperature reduction on the
major organ systems and their physiologic functions is carefilly analyzed.
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This work appears to indicete e potential role for hypothermia as a
metabolic retarding element, ootn Irom +he standpoint of space applications
and terrestrial medical research contributions. The-umefabollc reducing
effects of a hypothermic situation have been clesrly demonstrated in many
areas o clinical researcn. ohne ability, at scme point in this research,
to "suspend animation” Ly hypothermle becomes & significant possibilitvy.

In the preservation of red blood cells for instance, work under Havy
Contract has already shown that the storage of the erythrocyte is poszible
fer periods up to four years. Tagging and reinjection of these stored
cells into Living systems hes indicated thet theix predetermined Life oycle
of approximately 120 days has remained unchanged vy the lengthy period of
hypothermic preservatioun. '

Section IV deals with a pharmacologlc approach to the problenms pos-
3ibly to be encountered by space travelers. The use of drugs as adjuncts
or protective agents in human physiology for space flight considerations is
not new. Extensive work has been dcne on the radioprotective properties
of a variety of chemical agents. The cection on drugs in this report

1imits itself, however, %o a study ol thoce agents considered applicable

only in the areas of anxiety, depression, fatigue, acceleration protection,
thermoprotection, metabolism reduction, and motion sickness.

The use of chemical agents to alter physiologic funetion in space
flights enables the operators to eliminate many variables in physiologic
“Punction and maintain precise and predictable control over these functions.
However, although there is a great wealth of information on literally
thousands of such agents, there 1s no central information source where the
complete and varied effects of these agents, over and beyond those tor
which they were produced, may be cbtained. It is Telt that such an informa-

+ton source should be established inmedlately %o £111 this need. This

agency would not only help the medical profescicn, but would also meke its
data available to those engaged in all forms of biomedical rescarch.

The section on Sensory Deprivatioun (V) was heavily investigsted te-
cause it is felt that this area can cause poterntially debilitating effects
on. research pilots engaged in space exploration, Tt is—considered a serious
limitation on man's adaptcbility to space flights and, therefore, it has
been emphasized in the CYBORG finai report. In this—area—there-has been
extensive research and even the most preliminary analysis indicates that
in hypodynamic situations where therc is minimum sensory input, depending
on the comditions, serious psychophyslologic deviations may occur in periods
of less than one hour. This section discusses the aterrations resulting
from exposure to hypodynamic conditions, ldentifies the environmental events
associated with such effects and the sensory modality most susceptible to
them, eveluates the characteristlcs of individuals most resistant or sus-
ceptible. In addition, it investigates methods of identifying and evalua-
ting such characteristics and analyzes the hypodynamic aspects or possi-
bilities of the space capsule and a space envircnment. It cannot he




over -cmiphasized that the area of sensory deprivetion must be actively
pursued and that this area 1s worthy of contiuued, penetrating CYBORG
recearch.

gection VI discusses the cperation of the human heart in a space
enviromment. Complete understanding of the nultitude of complex inter-
actions of organs and organ systems In the human will be a long time in
coming. However, careful analysis of several of the more-obvious charac~
teristics of these systems hes shown that thelr properties can, in many
cases, be expressed In mathematicel terms. The subsequent ability to
‘duplicate and simulate any or all of these functicns in terms of mathe-
matical analogues will lead to an improvement in our understanding of the
basic mechanisms and centrols which affect the human system operation. By
employing hypothetical, mathematical equivalents for cumputer. simulatlon.
and high speed input variation analysis, we can begin to understand some
of the complexities of human organ systems, their interface relastlonships,
and, accordingly, be in a vetter position to predict function as influenced
by new and changing environmentse.

Although the CYBORG study (11ASw-512) has dealt specifically with hypo-
thermia, drigs, artificial organs, and cardio-vascular models, we have
expanded this concept to include other fields which cannot justifiably be
reported in this document. However, it is felt that the area of calcium
mobilization, a potentially severe limitation onmar's physiologic adapt-
ability to & space environment, should be investigated in detail. As was
discussed in the interim CYBORG report presented to NASA-QOART in January
of this year, the calcium excretion levels evidenced by the three U. S.
orbital man space flights were significantly'elevatedwtOAErouse'thefinterest
of United Aircraft's Bio-Science group into an.active pursuit of the reasons
for this phenomenon. It has teen proposed that mineral dynamics, along
with mathematical and physical model: of bilological systems -and sensory
deprivation, be continued in subsequent phases of the CYBORG program.
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II. ARTIFICIAL ORGANS

A. Introduction

The central theme of the section on artificial organs is the inter-
relaticnship between man and machine -- a special kind of machine which
is coupled with man to aid his survival under adverse conditions, and so
extend his range and type of performance. The resulting peculiar relation-
ship develops a new nan machine homeostasis which transcends the classic

jdea of the "milieu jnterieur” of Claude Bernard.

An artificial evolution accrues to man as & result of supplementing
his organ systéms. Since man has ncver been exposed to the environments
of foreign planets we do not know whether he would evolve into.some form
which could exist under these conditions nor cdo we heve the means on earth
for fully investigating this phenomenon. Circumventing “iie slow process '
of natural selection by integrating man with machine makes possible the
special man with increased functional capabilities. ‘This is the Cyborg,
the cybernetically controlled man who functions servemechanistically to.
cope with environments he does not fully comprehend.

In our study of the advisebility and. practicability of using artificial
organs in adapting man to a space environment, we-have-entered lnto-a
detailed investigation into the artificiel lung, heart, and kidney, and have
studied methods of substituting these known _artificial systems for a-bic-
logical one. '

In an effort to reduce the 1ife support requirements during long tem
space flights, it must. be appreciated that men's orgens are not suited for
space or are overdesigned in that they have large reserves vhich add weight
and are not needed for flight. What follows in this section, then, is 2
thorough appraisal of the problems assoclated with the above mentioned arti-
ficial systems, & description in detail of the state of the art, and infor-
mation pertinent to the possible incorporation of these systems as functioral
augmenting components in 1ife support systems.

B, Artificial Lung

1. Physical and Chemical Aspects of Gas Exchange

Oxygen is carried by the blood both as a solute and as oxyhemoglobin
within the erythrocytes. The quantity of oxygen which is dissolved in the
plasma 1s normelly about one=-fiftieth of that bound by the hemoglobin, and
will at normal barcmetric pressures be neglected in considering theoxygen=-
carrying capacity of blocd. - .
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The combination of hemoglovin and oxygen may be represented by the

equation
Hb + Oz = HbOp + Heat.

From this equation it is apparent that a high oxygen teision and a low
terperature favor the formation of HbOp. This equilibriwg is also
influenced by the pH. Hemoglobin is approximately 9T percent saturated at
the partial pressure of oxygen in the alir.

The erythrocyte equlllibrates with great rapidity with the oxygen tension
of the adjacent plasma. In the subsequent discussion it will therefore be
assumed that the ciygen tension in the erythrocyte aud im the plasma is the
same. . '

The fundamental problem involved in the operation of blood oxygenators
is the transfer of oxygen across a gas-blood interface. If blcod and oxygen
were exposed to one another without any turbulence within the liquid or gas,
movement of the gas would depend solely on the kineties of the individual
gas molecules. This process is generally referred to as malecular diffusion.
When the gas and liquid phases are subject to turbulence, the process is
culled eddy diffusion. ‘Eddy diffusion, more rapid because distribution
occurs through mixing, 1s the transfer mechanism of mechanical oxygenation.
The situation is that of a gas phase and a liquid phase in contact at an
interface. Each phase has associated with-it a certain degree of turbu-
lence., The partial pressure of the oxygen in the gas phase is P; and that
in the liquid phase 1s P;. If Noz equals the number of oxygen molecules '
which -enter the plasma per unit time, then

Noy = KooA (Pg - PL)

where A is the area at the interface. The factor K iucreases with
turbulence and tempersture.

Severel observations may be made about the preceding equation:

a. Turbulence

In order to explain the varlation of K with turbulence two films, one
consisting of stagnant gas, the other of stagnant liquid, are postulated
at the interface. The gas traverses these films by the relatively slow pro-
cess of molecuwlar diffusion, which is the rate-limiting factor in the oxy-
genation process. The greater the turbulence in each phase, the thinner
these films become, with a consequent increase in the diffusion rate across
the interface. Certain phases offer more resistance to eddy diffusion than
others. It 1s of particular importance to provide turbulence to the high
resistance phase. In blood oxygenators, the resistance of the blood phase-
is large compared to that of the gas phase, a phenomenon which is said to be
due to the Tow solubllity of oxygen in plasma. Producing turbulence in the
blood results in a substantial increase in the speed of oxygenation, while
turbulence in the gas phase has practically no effect. In the vertical cylin-
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der oxygenator, & several-fold increase in oxygenatlon Is noted when wire
mesh scereens are used instead of smooth metal plates. This may be attri-
vuted to the turbulence produced by the blood flowing down the uneven wire
mesh surfaces.

b. Temperature

with increasing temperature, the factor K in the diffusion equation

becomes larger, and this increases the rate of diffusion. On the other hand,
at higher temperatures, oxyhemoglobin is more dissociated. This results in
a grester value of Pp, for any given saturation, with.a consequent decrease
in the rate of diffusion. .In all perfusion systems, Pg-1s-maintained-at a
value quite far above the value of Py, which is required for complete satura-
tion. Under these-conditions, the increase “n K considerably outweighs the
decrease in Pg - Py, and the net result is an increase in the rate of oxy~
genation with increasing temperature. However, since the oxygen requirements
of the perfused subject also vary with his temperature, it is guestionable
whether the subject's oxygen debt is reduced by oxygenating the blood at, say,
37°C; instead of 30°C.

c. Oxygen Tensions

The equation shows that the rate of diffusion is proportioral to the
difference in oxygen tensions between the gas ‘and liquid phases. The value
Pg 1s directly proportional to the absolute pressure of -the ventilating gas.
Thus, operating the oxygenator above atmospheric pressure increases the rate
of diffusion. If the blood becomes saturated with oxygen under these condi-
tions, some of the dissolved gas may be expected to-come out of soclution when
the- Blood is returned to atmospheric pressure. Whether a limited amount of
minute oxygen bubbles would be injurious is uncertain. On the other hand,
operating the oxygenator below atmospheric pressure allows simplification of
the extracorporeal circuit. Because in this case the oxygenator nay draw
its own blood, the pumps that carry the blood from the veins and from the
coronary sinus of the heart may be dispensed with. The decrease in
rate-of oxygen diffusion is compensated by the reduced blood holdup resulting
from the elimination of two pumps.

2. Carbon Dioxide Elimination

It is desirable, although it does not appear to be essential in short-temm
perfusions, to maintain a constant pH in the blood by elimirvating CO, at an
appropriate rate. The equation which describes CO2 elimination is '

NCOp = KCO2A (P'G)

where P' represents the partial pressure of COp, and KCO, is the proportionality
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constant. From data for the diffusion of O, and CO, through water, KCOo

is estimated to be approximately 25 times KOp. This explains why elimination
of CO» may be reedily achieved in spite of the fact that the diffusion
gradient can never exceéd the plasma CO2 tension (normally 40 mm Hg). In
f1lm oxygenators, COp elimination usually surpesses formation unless P'y is
naintained between 1 percent and 3 percent in the ventilating gas. In the
bubble and foam oxygenators, however, the gas flow may be limited by the
capacity of the defoaming system. :

3. Coxygen Requirements

When bypassing the heart and lungs of the average adult person, approxi-
mately 5 ml of oxygen per minute into every 100 ml of blood passing through
the extracorporeal circuit is needed. A slightly smaller quantity of carbom
dioxide must also be eliminated at the same time. Blood flow rates through
the circuit of 3 or 4 liters per minute require the introduction of 150 to
200 ml of oxygen per minute and the removal of & nearly equal quantity of
carbon dioxide. Every 100 ml of bdlood contains about 15 gm of.hemoglobin
ard every gram of hemoglobin is capable of combining with 1.34 ml of oxygen.
Thus approximately 20 ml of oxygen can be carried in the form of oxyhemo-
globin by every 100 ml of blood, whereas the amount of oxygen held in physical
solution in the plasma amounts to only 0.3 ml per 100 ml of blood. The
reaction between hemoglobin and oxygen is practically instantaneous. The
problem of simulating normal gas excharge then resolves itself into that of
maintaining appropriate tensions of these gases in the immediate neighbor-
hood of the hemoglobin containing erythrocytes.

In the human lung, the tensicn of the-gases in the alveolus is approxi-
mately as follows (expressed as millimeters of mercury) 5TO-nitrogen, 1G3-oxygen,
Lo-carbon dioxide, and 47 water vapor. The blood in its brief passage through
the pulmonary capillaries, approximately one-eight of a second, comes into
equilibrium with the tension ot these gases in the alr sac. Equilibrium is
reached in this very brief period despite the fact that there are interposed
between the blood and the gas mixture two biological membranes, one the wall
of the blood capillary, and the other the wall of the gas-containing alveolus.

4, Dimensions of Blood-Gas Interface

The surface area of the lining of the pulmonary capillaries in an adult
human lung has been estimated as approximately 100 square meters. However, it
is not necessary in an artificial lung to provide a blood-gas interface of
such a large area or to create a film no thicker than the radius of a pul-
monary capillary. Without exceeding the normal barometric pressure, the ten-
sions of the gas mixtures exposed to the blood can be varied by eliminating
the nitrogen and increasing the tension of the oxygen almost sevenfold, so
that the area of the fluld gas interface might be considerably reduced or the
thickness of the blood film increased without. retarding attaimment of equal
tensions of oxygen in the plasma and ambient gas. Similarly prolonging the

II-b
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time of exposure of the blcod film to the gas mixture allows the gas exchange
to occur with a smaller area and thicker film. It is also obvious that
equilibrium could be reached more repidly if the dual membrane between the
fluid and the gas which exists in the biological lung could be eliminated in
the artificial lung. -

These considerations were quickly selzed upon by investigators attempting
to accomplish the normsl gas exchange of the blood by artificial means. In.
the extracorporeal blood circults currently employed in operations on humen
petients, a free blood-gas interface is used and the blood is exposed to
tensions of oxygen in excess of those in the alveoll. Despite the inevitable
retardation of gas exchange, investigetive work is currently being carried on
to develop an artificial lung in which an extremely thin plastic membrane is
interposed between the blood and the gas.

5. Film on Vertical Smooth Surface

To accomplish a satisfactory exchange of gases between the plasma and
the ambient gas mixture with anything like the speed and efficiency which are
necessary, the strecm flow in the tubing of the extracorporeal blood circuit
must be changed to a large, thin film of blood ir. contact with the appro-
priate gas mixture.

Blood can be filmed on the inner surface of a vertical-revolving cylinder.
Revolution of the cylinder 1s necessary to raintain the blood fiim by centri-
fugal force, With the cylinder stationary, the blood descends im rivulets.

The blood is introduced at the top of the cylinder in a fan-shaped horizontal
Jet in the direction of revolution and tangentisl to the cylinder. The blood
then descends in a thin film on the inner surface of the cylinder and 1is
collected in a stationary cup which closely surrounds the knifelike edge of

the bottom of the vertical revolving cylinder. Blood is let from this stationary
cup in a stream flow through tubing and pumped back intc the subject's arterial
system. As mentioned earlier, it is highly desiratle that the volume of blood
contained in the extracorporeal circuit remain constant at all rates of blood
flow through it. In most oxygenators of the film type, if the venous blood

is passed directly through the oxygenator and then pumped directly back to

the subject, the thickness of the £11lm will be directly proportional to-the

rate of blood flow. Under these circumstances, if the blood flow is increased
during the operatiom of the extracorporeal circuit, a greater-amount of blood
will be held in the artificial lung, thus depleting the subject's circulating
blood velume. If blood is added to the circult to compensate for this, it
becomes necessary to withdraw blood from the circuit as the blood flow is dimin-
ished in order to avcid hypervolemia in the subject.

This problem hes been very simply solved by maintaining a constant flow
of blood through the artificial lurg despite varying rates of blood flow
through the extracorporeal circult. In one model of the screenstype oxygenetor,
this is sccamplished in the following manner (Fig. II-I)e The maximm flow
rate through the circult during cardiopulmonary bypass 1s estimated from the
weight or surrace area of the patient. The blood from the vena cava is led
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by gravity into a reszrvoir at the bottom of the oxygenator case. This
reservoir also receives biood overflowing from a higher reservoir immediately
beneath the screers of the oxygenator. From this lower reservoir-with -its
admixture of oxygenated and unoxygenated blood, the tlood is pumped into the
distributing hzad of the artificisl lung at a constant rate which is greater
than the maximum estimated venous return of the patient. Oxygenated blood

{s returned to the subject's artertal system ‘from the upper reservolr. The
rate of pumping the oxygenated blood back to the subject is-automatically
controlled by a level-sensing device in the lower blood reservoir. When ihe
ievel in the lower reservoir tends ¢ rise because of a greater fiow from the
vena cava, the pump returning oxygenated blood to the patient from tne upper
reservoir is immediately accelerated. Conversely, a diminishing flow

from the vena cava will tend to meke the level in the lower reservoir

fall, which automatically results in a slower action of the pump returning
oxygenated blood. The electronic device is sensitive enough to maintain the
voluae of blood in the extracorporeal circuit constant within 25 or 30 ml at
widely varying rates of blood flow. The maintenance of both-a constant thick-
ness of the blood film on the screeus and a constant level of blcod in the
reservoir at the bottom.-of the oxygenator accomplishes the desired vresult-of
an unvarying volume of blood in the circuit at all rates of flow.

6. Film on Retating Dlsks

A second method of performing gas exchange in the extracorporeal blood
circuit is accomplished by establishing a blood film upon the peripheral
portion of vertical plates or disks revolving &bout a horizontal axis. The
disks dip into a reservoir of blood in a trough below the revolving axis.
with every revolution of the disks, the film of blood exposed to-the ambient
gas mixture is wiped off and a new blood film established and exposed to
oxygen. This is an interesting method of constantly and rapidly renewing
the f1lm of blood exposed to the gas. The capacity of this artificial lung
to accomplish the gas exchange can be increased by increasing the dlameter or
number of the disks. The two chief objections to this type of artificial
lung are that the volume of blood held in the apparatus is relatively large
compared with 1ts ability to accomplish the gas'exchange,wandvsecbndly, that
there is a tendency to frothing at higher rutes of revolution of the disks
and a tendency fora solid film of blood- to-be-established between-disks
which are very close together. The disks are mounted close to one another in
order to increase the efficlency of the oxygenator by producing a large
£i1m area relative to the volume of blood beld in the trough. The revolution
of the axle is made as rapid as possible without procucing foam in crder to
renew the blood film as frequently as possible, thus increasing the efficiency
of the apparstus. An illustration of this spinning disc oxygenator is shown
in Figure II.2.

TT.7
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T. Film on Vertical Wire Screens

Wire screens are the most efficient turbulence-producing surface. Blcod
flowing by gravity over a wire screen travgls rapidly in a very thin film
across the meshes of a screen, tends to heap up on the upper surfaces of the
horizontal wires, and then descends egain in a thin film across the mesh
below. Thus there is thorough mixing of all the elements of the blood from
this mild turbulence which does not result in fcaming. Obviously, if the
meshes of the screen were too large, or the blcood flow over the screens too
small, the blood film acress +he mesh would not be established, or could not
we maintained. An example is the Stedman packing oxygenator. Gtedman
packing 1s a tower packing used by the chemical industry in processes re-
quiring intimate contact between liquids and gases. It consists of stacks
of stainless steel wire cloth disks. Each wire disk 1s embossed and per-
foreted so that it presents a pattern of pyramids, valleys, and holes. Blocd
{s distributed at the top of the column and flows downward in a continuous
stream from disk to disk. The oxygen is delivered at the bottom of the
¢olumn just above the blood pool that runs off the column. A tight fit
between the disks and the casing assures that the oxygen. passes upward through
the disks. A diagram of this uiygenator is shown in Figwe II-3.

The oxygenator does not foam since there are rn moving parts and the
oxygen moves past the blood rather than through it. If the sheets are not
wet the filming of the blocd is imperfect because of cnannell-g. Since the
sheets are spct-welded together it 1s possible tou inspect only the extericr
surfaces, and 1t is necessary to_rely on strong alkaline solutions for clean-
liness. Obviously, the number of screens or their width should be varied
according to the vclume flow per minute over them in order to maintain the
most efficient f£ilm thicknese. Screen oxygenators of the type described are
currently being used in operations on human patients.

8. Film cn Bubbles of Oxygen

St111 another method of accomplishing the gas exchange is by the produc-
tion of oxygen bubbles in the blood passing through the circuit. A diagram
is presented in Figure II-kL.

Three distinct gas-liquid phases are apparent when the oxygenator is in
operation. (1) At the bottom there is a pool of blood through which bubbles
are rising freely as they are emitted from the oxygen manifold. In order %o
prevent oxygen embolism, the bubbles must have a rate of ascent greater
than the rate of descent of the blood being withdrawn from the oxygerator.
The larger the bubble, the more rapidly it climbs. At low oxygen flows,
the bubble size is determined largely by the size of the orifice; the diameter
of the bubble is proportional to the cube root of the diameter of the needle.
(Bubbles released fram coarse sintered glass disks are not consistently large
enough to avoid ges embolism under normal operating conditions.) (2) Abcve
the blood pool there is a foam column where the bubbles are separated by
rether heavy blood films. (3) The bubbles agbove the blood distributor are
bound by thin blood films since only the blcod relessed by the defoaming
baffle passes down through then. :
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The widespread clinical use of this type of oxygenator has resulted in
the early aiscovery and study of certain undesirable features of this method
of accomplishing the gas exchange. The sphere is the least efficient geo-
metric form in which to produce the greatest blood-gas interface per volume
of gas or blood. It 1is apparent that the smaller the bubble, the more
efficient is the _gas exchenge. It-is of the utmost importance to eliminate
all bubhles, even of the microscopic size, before the blood is returned to
the systemlic arteries of the subject. Attempts to accomplish this have taken
a varlety of forms: mnechanical rupture of the bubble, passage-of the mixed

.blond-and oxygen over shredded plastic material coated with antifoam sgents,

etc, Nene of these methods has been wholly satisfactory. Antifosm agents
are lethal in small amounts when in solution in the blood. Microscopic
emboll of oxygen, despite all precautions, may occur. Similarly, small fibrin
emboli, despite the use of heparin, may form in the presence of the marked
foaming. Instances of central nervous system damage have occurred not in-
frequently from the use of this type of oxygenator. A reservoir of blood
between the oxygenator and the arterial blood pump is necessary to permit
oxygen and fibrin emboll to rise to the surface. The blood-at -the bottom of
the reservolr is returned to the patient. Even if such a reservoir is
completely effective, it has the undesirable feature of increasing the bloed
volume in the extracorporeal circuit.

Adequate elimination of carbon dioxide with the bubble-type oxygenator is
difficult, if not impossible. Because of excessive foaming, it is not possible
to pass sufficient oxygen through the blood to maintain a normal carbon di-
oxide tension. However, the respiratory acidosis tends to be self-limited as
the higher the carbon dioxide tension in the blood, the greater the gradua-

- tion in pressure between the blood and the gas, so that equilibrium is

finally reacked at a tension of carben dioxide considerably higher than normsl.
A final disadvantage to the use of these oxygenators is that it is not possi-
ble to maintain a constant volume of blocd in the circuit at varying rates of
blood flow..

In clinical practice and in animal experiments, it has been found that
the smaller the blood flow and the shorter the period of bypass of the heart
and lungs, the greater is the chance of survival of the patient or animal.
Proponents of bubble-type oxygenators have, therefore, advocated blood flow
rates in patients in the neighborhood of 25 to 40 ml per kilogram of body

-weight. Surgeons using these oxygenators attempt to complete the open car-
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diac phase of the operation within 10 or 15 minutes, because the chances.of
survival diminish rapidly therafter. This is in contrast to the experience
in animals and man using a screen-type oxygenator in which the entire
cardlorespiratory functions have been taken over successfully by the extra-
corporecl circult for periods between 1 end 2 hours with prolonged healthy
survival. Furthermore, the flow rates in the screen-type oxygenators are
always kept as large as possible, and roughly average 70 -ml per kilogram body
welght per minute in adults, and higher in children.
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9. Gas Exchange through Membrane

It is apparent that all danger of gas embolism could be eliminated If the
extracorporeal blood circuit were completely closed and the gas exchange toock
place through an extremely thin plastic membrane simulating the capillary
and alveolar walls of mammalian lungs. The engineering difficulties in the
construction of such a closed circuit are obviously great, but currently
work is being carried out on this project in a number of places. In these

- membrane oxygenators, a very-thin film of plastic sheeting is interposed

tetween the blood and an atmosphere of oxygen. Wire screen between the plastic
sheets which enclose the blood permits the circulation of oxygen. These oxy-

genators have been constructed in two main forms. In one, the polyethylene

bags separated by wire screen are coiled into the form of a cylinder. 1In
the other, the polyethylene bags and screens are arranged horizentally in the
form of a large, multilayered sandwich. Originally, films of.- polyethylene
0.00L inch: In thickness were used. It has been subsequently found that
Teflon 0.0005 inch in thickness will transmit 3.2 times as much oxygen es a
polyethylene £iim 0.C008 inch in thickness.

Menbrane oxygenators of this type are now being studied on experimental
animals and have been successfully used in human patients. In addition to
eliminating the hazard of gas emboli, the closed blood circuit of membrane
oxygenators should result in a diminution of the amount of heparin required
to keep the blood incoagulable, as nonwettuble plastic surfaces are used
throughout. The elimination of carbon dioxide with the maintenance of a nor-
mal or slightly reduced carbon dioxide tension in the blood leaving the oxy-
genator can again easily be accomplished by regulating the rate of flow of
the gas mixture between the layers of the plastic bag sandwich. Whether
membrane oxygenators will eventually prove to be safer and as efficlent as
artificial lungs with-a free gas-fluid interface remains to be seen. Certain-
1y they -offer a number of theoretical advantages over the screen type or
rotating disks, but much work remains to be done to perfect them.

The original successful membrane lung of Clowes as well as modifled
designs have been described in current literature. In all these devices,
blood flows 2s a thin film bounded above and below by porous membranes. Op,
maintained outside the membranes, diffuses across them and into the blood;
CO2 diffuses outward and escapes. Schematic drawings of the Clowes lung

and a Plerce modification-are shown in Figures II-5-and-IT-6.

10. Development of the Oxygenator

The blood oxygenators have been primarily developed because of a need
for oxygenating the blood during temporary by-pass of the heart when per-
forming heart surgery. The oxygenator type used widely is the bubble variety
but the disc design is now gaining wider acceptance because of less diffi-

culty in its operation and better results. The membrane oxygenator is

being improved and will most probably ultimately be the type most frequently
used because theoretically and practically it will most closely approach the
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function,dfvthe lung and cun be engineered into a compact portable model.
Table II-1 givec a comprehensive picture of the rrincipal oxygenator systems.

‘With the advent of Instrumentation to successfully oxygenate blood with
minimal injury in a purely clinical situation, it has been possible to free
men from dependence on his lungs for the introduction of oxygen and carbon
dioxide removal. It will, no doubt, be possible to construct oxygenators
of the membrane type which would be compact and portable- enough to allow the
incorporation of a respiratory module as a backpack or a- capsule component
+0 relleve man of his respiratory needs during space probes or in alien en-
vironmentc.

The problems inherent in the present state of the art make the use of

extracorporeal components for augmenting man's respiration in the immediate
future unless actively pursued experimentally.

C. BExtracorporeal Circulation Pumping

1. Introduction

The use of artificial devices in the cardiovascular system, either
extracorporeal or intracorporeal, to maintain adequate perfusion, presents
an intriguing but complex concept. A thorough study was made of existing
Iexperimental extra- and intracorporeal clrculatory devices, the details of
which are included in this section.

The problem of extracorporeal circulation with a heart-lung machine has
been the object of intense research for almost 20 years. The first few
successful results in man were reported in 1953 and 1954. Gibbon in 1953
used this technique in operation on a 17-year-old boy for an atrial septal
defect.

Andreassen & Watson (1953) published o detailed physiologic analysis of
their experiments with the use of cross circulation as a method for cardiac
by-pass. Warden et al (1954) made a thorough -experimental investigation of
the problem. In the same year this technique was introduced by Lillehel
and co-workers, with brilliant results. In 1955 they started their series
of direct-vision intracardiac surgery by means of controlled cross circulation.-

The pumps which have been employed are of the reciprocating or constant-
injection type. In the reciprocating type two automatically acting internal
valves are required, one on the inteke side of the pump, and the other on
the output side. Internal valves in the blood circuit are undesirable for a
number of reasons. They increase the difficulty of cleaning the apparatus,
they may cause hemolysis, and they produce unnecessary turbulence which may
result in the deposition of fibrin and platelets. Internal valves may be
eliminated in intermittent pumps by an external device which occludes an

II-15




' SCR 150

BUNBI ) aouo pasn
o esudjul  “saxe JBusyd
fgousingany -xajuy ‘L4308
-deo *ToA mOT

uird *Trxe3s8

‘drap ‘<qamy " 9ouo pasm

*bax Sgeum oot suwntqmom
fmo1zcamy  se8-poord-dp
drrp pootq  dn-3es Jognb
+ 0p - ‘Burusaro ﬁm&o
4+ op - feaxw oB3Tdy
aouo Atuo
M1 pootq pasn *14o
Juanqang feaaw aBawy

« Op - - op =
o HOTF POOTq
uoFjetnoITosx wrwo fpajsay
ga88uBADBSTQ safeuBApDY

00t-0% :

*um/«2-0T =
08-0£ O0€-0E X $°0

oL-o% se
utl of =
08-0% dmr .;MB u\n W.H
QQE\OHH =
ofT-0g WX OT% % T
U, usT =
09-0f wir¢x ¢
00T-04 Gty
0g-0¢ :
0n0m_~ ll
- 001-08
“au/pe B *utbg
qH wuseId = BaIy

‘sysATomsH sBuvyoxaquy

SHOLYNALAXO SOOINVA 40 ALTTIAVAVO CNV NOIIVHZJO

oose

000E

0062
0007

008-009
™

Ajrouds)
FRNTOA

puetrsy

lhu.ﬁoo&
002 TOUSTITI
0se STwon
Goe saMOTO
T
0ST spiusq
o2 880D~ fu3]
uassyan ‘umag
002-09T- Sujuuag
-pI00J81D
002-05T i
- -gqoTuny
*d10) WieH
o

002-05T -u0qqrH

00S -

000¢ iy

*uw/Tu
4 0. ; :

20 *¥en sxoyjny

- - eme—— -

aoaauowﬁ_a
g8

uoTeNIJ Ia
suBIqUISH

08P np

sasputTLo (v

:BurATOoASY

,IO.UT

UaaId
Axeuo13894

SUBIqUINW

*JJTP OUBRIGUSH

stdyoutag

Tedp]

usmmy TeIn}BN

II-16



SCR 150

elastic tube on the output side of the pump during the intake phase of the
pump, and a sirilar device occluding an elastic tube on the intake side of
the pump during the output phase of the pump.

The constant-injection type of pump appears to be far more desirable.
It consists of a helical tube made to rotate so as to make the upper end
describe a circle. The direction of the circle -described corresponds to the
upward direction of the spiral, thus forcing the fluid up the tube by centrie
fugal force. It possesses one advantage over any other type of pumping device,
i.e., it does not require either internal valves or external compression of
an elastic tube in order to direct the flow of blood through it. There are
certain obvious disadvantages, on the other band, related to its mechanical
construction and to the leading off of fluid from the upper end of the
spiral tube. N

The two common types of constant-flow pumps which have been employed in
extracorporeal blood circuits are the roller type and the finger type. The
finger-type pump utilizes the principle of series compression of a rubber or
other elastic tube. A series of purallel metal arms, one after ancthey, com=—
presses a length of tubing. Any number of these arms -may Ve used. When the
last one in a row has compressed the tubing, the action proceeds again with the
first arm. This type of pump is commercially availsble and has been used for
the intravenous injection of fluids at constant, small flow rates, as w21l as
4n extracorporeal circuits. The mechanical construction of these fingerstype
pumps is such that they are not as suitable as the roller-type pumps for the
production of rapid linear velocity of fluid in a tube.

In the roller-type pump, a cylinder 1¢ rolled over a rubber tube, compressing
it and thus propelling the contained blood forward. Re-expansion of the elastic
tube which follows the release of compressior by the roller provides the sucking
action of the pump. A drawback of the roller-type-pump-has been creeping of
the rubber tube in the direction of the passage of the roller. This disadvan-
tage was obviated by DeBakey by the attachment alorg one side of the tube of
a rubber flange which is tightly clamped between semicircular metal bars. Two
rollers mounted at the ends of a horizontally revolving bar successively compress
the flanged tubing. As one roller leaves the rubber tubes, the second roller
begins to-compress them. Gibbon adapted this pump to the extracorporeal circuit
using one to three tubes mounted one asbove another in each pump and driving
the pump by & variables<speed-electric motor.

2. Basic Aspects--Principles and Prototypes

One pump classification is vased upon positive as opposed to non-positive
displacement. Non-positive displacement or kinetic pumps move fluid in a
continuous flow, but do not provide a positive internal seal against leakage.
Therefore, delivery varies with back pressure or resistance. ‘Positive d’s-
placement pumps have definite internal seals against slippage; since +aeir out-
put is relatively unaffected by variations in system pressure, they sre more
desirable where precise control of the amount of fluid movement is an inherent
requirement.
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Another classification of pumps separates those with fixed or variable
displacements. Ir fixed displacement pumps, output may be changed only by
changing pump speed. In variable displacement pumps, the geometry of the pump
itself may be changed, so that output may be varied either by changes in stroke
length or in pump speed. An ad’ 'tionel division distinguishes between rotary
(including the gear, vane, and r.ston types) and reciprocating varieties.

The latter, in generzal, con' un plungers which alternately trap and expel
successive volumes of fluid

a. Gear Punps

Gear pumps are pocitive displacement pumps with few moving parts. They
are simple and rugged. Fluid is carried in spaces betwesn the gear-teeth,
and-given-direction by the meshing of teeth. Pumps of this general type are
illustrated in Figure II-7 and include thosce with both external and internal
gears, lobed elements, and screw types. In general, these have not been employed
for extracorporeal circulation because of significant trauma to blood as well as
pumping element: which are difficult to clean and are not disposable.

b. Piston Pumps

Piston pumps are capsble of highest output pressures, and have a high
efficiency, independent of back pressure. They may have fixed or varisble
displacements. BSuch pumps have been designed as reciprocating piston, rotary
piston, and diaphragm compressor types (Fig. 11-8). oOf these, the diaphragn-
campressor, which is available in both fixed and rolling diaphragm versions,
is the only one which has been employed in modern extracorporeal circuits.

c. Tubing Compression Pumps

Tubing compression pumps include most cf the pumps currently used for
extracorporeal blood propulsion. Among these are the finger or Sigmamotor
type, the roller pump, and the pumps involving pneumatic, mechanical, or hy-
‘draulic compression of a tube (Fig. II-9). These are positive displacement
pumps when they are occlusive. Their advantages lie in the easily replaceable
-and-disposable pumping chamber (permitting the remainder of the pumping system
tc be unsterile) and in their low index of trauma to the blood.

d. Vane Pumps

Vane pumps consist of a rotor mounted in a housing with vanes fitted into
slots in the rotor (Fig. IX-10). The rotor revolves on a shaft which is
mounted eccentrically to the housing. The vane tips slide in and out of the
rotor to-create rlosed rotating chambers. Both variable and fixed displacement
models are available. .

TT.,3R



EXTERNAL GEAR LOBED-ELEMENT

Fig. 1I-7 Gear Pump - Schematic Diagram Illustrating External Gear,
Lobed-Element and Screen Pump Varjeties

- "'_"""____r H
r\
RECTPROCATTIG PISTON ROTARY PISTON

ot

FIXED — DIAPHRAGM = ROLLING

Fig. 11-8 Piston Pump - Reciprocating, Rotary, and
Diaphragm Types
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ALTERNATING SUCTION
AND PRESSURE

Fig. 1I1-9 Tubing Compression Pump

Fig. II-10 Vane Pump - with Fixed Positive Displacement
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e. Non-positive Displacement or Kinetie Pumrs

Non-positive displacement or kinetic pwaps include propellers and other
- pumps of the centrifugel or axial flow type. In general, these operate &t
high velocities and have not been used for extracorvoreal circulation besuuse
of the development uf vortices, cavitaticn, and subsequent high rates of
hemolysis.

3. Desirable Characteristlcs for Extracorporeal Circulstion

Requirements which have been described for an ldeal extracorporeal tlood
pump include:

1. Minimal traume to blood. This Implies a smoota, non-wettable irner
surface without abrupt diameter changes, wide, short orifices ard
no turbulence.
o, Positive displacement, implying insensitivity to load or resistance.
3. Varisble displacement and speed.
4., No irternal valves.
3. Expendable pumping chamber, which can be heat sterilized.
6. Pulsatile, or intermittent, output.
7. Simple adjustments of both displacement and speed.
8. Continuous measurement of output. This is automatically fulfilled by
positive displacement pumps where the pumpling rate iIs known.
9. Scme form of manual operation, in the event of power failure.
10. Minimal priming vclume.
11. Reasonatle cost.
12. Simple maintenance.
13. Quiet cperation.
1k, Explosion-proof motor.

There 1z still a wide divergence of opinion as to the rzlative meriss (for
clinical work) of the roller, finger, diaphragm, and externsl pneumatic,
hydraulic or mechanical compression pumps. All have been utilized in large
clinical series, including prolongec perfusions, with essentially equivalient
success. Certainly, the relative advantages and disadvantages of each do not
appear to argue convincingly in favor of a pump type at this time.

One important consideration mey be studied in Table II-2. This compares
data (cbtained from the literature) as to the rate of hemolysis vhile purping
in vitro systenc. Roller pumps aprpear less traumatic than finger or diaghragm
pumps, in general. RBased cn these data, the least traumatic of the currently
available pups are the new springloaded rollers, and the Bellofram, or rolling
dlaphragm type. Some other pertinent -characteristics of these pumps are
compared in Table II-3, whicn emphasizes their inability to meet some of the
criteria which have been listed. See Table II-h for statistics on cumplete
‘heart-lung systems. .
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COMPARATIVE ABILITY -OF CURRENT P’UMPS TO FULFILL SOME
"DESIRABLE CHARACTERISTICS"

PROPERTY FuMP T™PE

Ext, Tube
Finger Roller Diaphragm  Compression

1. Minimal Trauma See Table II-1
2. Positive Displacement If occl. If occl. Yes Yes
3. Variable Displacement No No Some models Yes
k., No Internal Valves Yes Yes No Yes
5. Expendable Pumping

Chamber Yes Yes No Yes
6. Pulsatile Output No Yes Yes Yes
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D. Intracorporeal Pumps--The Artificlal Heart

Reéghtly, investigators have also concerned themselves with the problem
of the heart beyond repair. Such organs will require long-term "paracroporeal”
support or total replacement. This need could be met either by transplantation
of another biologlc heart, or by a mechanical substitute. A mechanical implant
appears to have these theoretical advantages over biologic transplents: no
{immne rejection mechanisms, minimel protlemc of supply, sterilization and
storage. However, presently availsble pump designs do not yet adequately meet
all of the reguirements for chronic impiantatlion.

Early work in thi:z fleld was performed in the 103C': by Gibben and by
Barcroft whu used externwl hydraullic comprecsion and rotary pump cystems. Most
recently, “alizbury, Kirby, Kusserow, Saxton, Kolrf, Hasting:z, McCabe, Liotta,
and Seldel have experimented extensively with long-termreliance on pumps
basically similar to those used for temporary extracorporeal support. In
addition, newer designs tested include the rolling diaphragm, pendulum, and
centrifugal pumps. In these studiec, several animals have survived for many
hours following removal of the heart and subztitution of a mechanical pump.

Certainly the problems in this sphere do not appear insoluble. However,
the direct substitution or intermittent use of these devices as circulstory
augmenting units for prolonged space Ilights, other than their use under emer-
gency conditions, does nout appear to be consistent with practical life support
systems design.

E. The Artificial Kidney

The more advanced extracorporeal artificial organ which is in actual clinical
experimental use today 1s the artificial kidney. Patients with chronic
uremia and up to about 85 percent renal failure are actively being treated st
the artificial kidney clinic at the University of Washington in Seattle. Without
this treatment, the life expectancy of these patlents can be defined almost in
terms of weeks. This work then represents a significant advance in the state of
the art of artificial organs and artificial organ systems.

The artificial kidney, or hemodialyzer, mekes possible the purification of
blood by the removal of waste materials and-intreduction -of substances to restore
slectrolyte balance and nutrition. It is, therefore, a two-way process in which
naterials are both removed and introduced into the circulation. It can be used
to rid the hody of toxic materials and also to introduce nutritive chemicals or

irugs into the body. The artificial kidneys in use are reliasble, tested instru-
nents which have evolved after much clinical use.

1. The Development of Hemodialysis

O0f all the instruments used to-artificislly supplement the physiological _
ind ‘biochemical processes of the body the artificial kidney has behind it the
sost years of development and testing. The principle of the artificial kidney
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was conceived in 191k but it was only in the past 15 years that Kolff, Alwall,
Skeggs and Leonards and others proposed various instruments applicable to
humans.

2. The Process of Hemodialysis

Most of the artificial kidneys now in use routinely utilize the principle
of dialysis. This process consists of the passage-or-diffusion of low molecular
weight substances through a semipermesble-membrane. Usually the membrane which
is used is specially prepared cellophane. This operation is illustrated in
the presentation of the various types of artificial kidneys later in this section.

3. Technique of Hemodialysis

No specialized facilitiles are required for accomplishing hemodialysis.
However, specially trained personnel are needed to perfomm it.

Careful clinical and laboratory examinations are. given to detect renel,
hepatic, cardiovascular and other défects. Hypoproteinemia and edema should
be eliminated before artificial kidney treatment. The urea and non-protein
nitrogen levels of the blood and other results of blochemical blood tests must
be known. The coagulation time, bleeding time, and the prothrombin
index are particularly important. A careful examination of the cardiovescular
system and of the functional state of the liver will assure the favorable
outcome of hemodialysis.

Hemodialysis must be conducted under strict observation of the patient's
cendition. The skin color, rate and character of respiration, pulse, arterial
pressure and temperature are noted every 15 minutes. The urea level of the
blood, the coagulability of the blood, the hematocrit reading and the COp
binding power are determined every 30 minutes. The saline solution is simul-
taneously analyzed for the levels of the electrolytes, urea and creatinine,

The average time of hemodialysis is 5-6 hours.

4. Kolff Artificial Kidmey (Fig. II-11)

The Kolff artificial kidney consists of a cylinder of metal mesh. Cello-
phane tubing one inch in diameter, with e total length of one hundred feet, is
wound on the cylinder, which is 110 cm high and 60 cm in diameter, and is sub-
merged in horizontal position in-a-tank containing one hundred liters of saline
solution. This solution bathes the lower half .of the cylinder which makes one
rotation about its axis every 2 seconds. Under the influence of the rotary
motion the blood inside the cellophane tube-passes-in-the form of a thin layer
between two semipermeable walls. When the cylinder makes a complete. revolutiop,
the semipermeable membrane is completely bathed by the dialyzing solution.

& wmnorad
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1, POLYVINYL TUBE TO RADIAL ARTERY;
2. FLOWMETER;
3, ROTORS EFFECTING CONNECTION BETWEEN
(A) INTLOWING AND
(B) OUTFLOWING STHEAMS
4, CYLINDER OF METAL MESH;-
5, CELLOPHANE TUBE THROUGH WHICH BLOOD CIRCULATES:
é. THERMOMETER AND THERMOSTAT TO HOLD THE TEMPERATURE AT 37° C.;
To DIALYZER T SS
8., PUMP;
9. AIR AND CLOT TRAP;
10. EMERGENCE OF ‘BLOOD.

Fig. 1I-11 Kolff Artificial-Kidney
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After the apparatus has been prepared for use, a polyvinyl chloride tube
with its end connected to a flow meter is inserted in patient's radial artery.
The flowmeter is connected with the cellophane tube wound spirally around the
cylinder. Contact between the rotating cylinder and the fixed parts of the
flowmeter is provided by a pair of Plastic votors. There is a similar device
at the other end of the apparatus

permitting the use of a pump to return the
blood after dialysis to the patient's venous system. The pump is connected
to a receiver containing a filter to trap blood-clots

and air bubbles. The
blood is returned by a polyvinyl chloride tube to the patient's basilic vein.

The cellophane tubes used in the KolLff epparatus are sterilized by boiling
twice for three hours each, changing the water once. The polyvinyl tubing,
the pump, and the two rotors, are boiled for an hour in an autoclave at 1200 c.
and then thoroughly dried.. ‘All the tubes are use

d only once to avoid the danger
of so-called pyrogenic shock.

A systemic study was made of the disposable Kolff coil kidne
et al. Dialysance and ultrafiltration were studied with varying
rate of flow of rinsing fluid, rate of flow of b

temperatures,
and outlet pressure of the artificial

“kidney (venous pressure),

It was fourd that temperature of the rinsi
upon dialysance. The optimal rate of flow rins
8 liters per minute and the optimal rate of blood flow was about 0.2 liters per

minute. Increasing venous pressure raised the ultrafiltration rate without
significantly increasing dialysance. It was concluded by the authors that the
Kolff kidney is an efficient instrument-for ‘dfalysis and ultrafiltration. '

ing fluid was approximately

5+ Alwall Artificial Kidney (Fig. II-12)

The Alwall artificial kidney-consists—cf & cylinder with cellophane tubes
wound arcund it. This cylinder, in the vertical position, is completely
surrounded by an outer cylinder containing a solution of electreclytes. A
special impeller in the lower part of the apparatus keeps the solution in
constant motion to maintain the proper rate of dialysis. The narrowness of the
tubes and other improvements eliminate the need for a pump. The blood enters
the artificial kidney from the radial artery and is returned to the patient '5

-basilic vein. The tubes have a very large dialyzing surface area (16,000 cm )
almost as great as the total surface area-of the capillaries in the glomeruli
of the human kidney (15,000 - 20,000 cm?).

6. Lowsley and Kirwin Artificial Kidney

Two new types of artificial kidneys were proposed by Lowsley and Kirwin
in 1950. The first typve was based on

the parallel flow of the blood and the
electrolyte solution, the second on their counter-current flow. The Lowsley-

Kirwvin apparatus was the first to-use-cellophane sheets in strip form instead
of cellophane tubing, thus making maximum use of their dialyzing surface. In
the model with parallel current flow of blood and solution, the dialyzing

Yy by Whittembury,
lood passing through the kidney

ng fluid had no important effect -
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1. Cellophane tube with blood
2. Electrolyte solutlion
3, Impeller

Fig. I1-12 Alwall Artificial Kidney

II-29




3CR 150

surface of the cellophane strips was h62 inchesz,‘ while in the countercurrent
model it was 720 inches?2. Lowsley and Kirwin showed that the rate of urea
removal from the blood by dilalysis was a maximm if the thickness of the
membrane did not exceed 0.001 inch and that the higher the urea blood level,
the larger the amount that could be removed by dialysis.

7. Skeggs - Leonards Artificial Kidney (Fig. II-13)

The Skeggs-Leonards "sandwich kidney" consists of plastic plates ground
on both sides, of variable X mumber, between which two sheets of cellophane
are spread out, creating a capillary blood film, while the dialyzing fluid
is passed in countercurrent flow through the grooves along the membranes.
Both flows are maintained by pump action.

8. Miller Artificial Kidney

This design uses a hose, thusszpreventing-stasis in the blood circulating
through the apparatus. The blood in the tubes is washed by the countercurrent
dialyzing liquid. The apparatus consists of the dialyzer itself and a thermo-
stat which holds the saline solution, keeps it in circulation, and maintains
it at constant temperature. The rate of circulation and the temperature may be
set as desired. The dialyzing surface area is 0.9 me. There is a lavage

channel 1l.5 m long between the imnner cylinder and the outer cylinder covering

it. In this channel is the dialyzing tube, made of very thin-walled cello-
phane. The lavage channel is so designed that the lumen between its wall and

the-dialyzing tube shall not exceed 300-m in radius and only a very thin

£ilm of blood is treated. The smallness of the lumen means that only a small
amount of blood is required to fill the system. Usually 500 ml of blood is
enough for the entire blood circulating: system.—  See Figure IT-Ih.

9. Improvement in Kidney Design

Attempts have been made to design an artificlal kidney which is autamatically
monitored. The preliminary report on "EMACK" (electronic apparatus for coil
kidney} by Brennand,and "A Portable Artificial Kidney"™ (1960) can be cited
in this regard. This trend is antlcipated to continue with a fully sutomatic
and more compact unit ultimately being evolved. The outloock for autamation of
the artificial kidney-is favorable but whether the renal module could be
packaged in a size, shape and arrangement to lend itself for use in space
requires further investigation.

The engineering problem of designing an efficacious blood dialyzer is
defined by the following requirements:

l. Large effective surface, i.e., large exchange area between blood-and
dialyzing fluid.
2. Development of a hemostatic head in a thin film.
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1. HEMODIALYZER WITH CONSTANTLY CIRCULATING
SALINE SOLUTICN AND BLOOD IN CELLOPHANE SHEETS.

o, ADMISSION OF VENOUS BLOOD

3. BUBBLE AND CLOT TRAP

4, EMERGENCE OF BLOOD

5. ADMISSION OF DIALYZING LIQUID
6

7

. HEATER
. OUTLET OF USED DIALYZING LIQUID.

Fig. II-13 Skeggs-Leonards Artificial Kidney
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Fig. 11-14 Miller Artificial Kidney
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3. Uniformly hich mov.oaptratlion Aifferentinl betwsen blood ard dialyzing
fluid (large volume of Liood sirculation with freguent renewal of
solution).

Lo Smill priming bl

5. TLow intermal rccistance.

§. Lamilner blood finw wivthcout formation of pools, to prevent coagulation
in the apparatus and/or e¢xcessive heparin corsumption.

7. Avoidance of wall ~uosities to preserve ceilular tlood constituents;
polyethylene and polyvinyl chioride as mate=ial for connecting tubes
and fittings. -

8. Varigble precsure diffirential between vlood and dislyzing fiuid, i.e.,
ultrafiltraticrs <ff=cy variatle as rogiired {1linited expansibility of
vloold tubing.)

There are definite areas vhere improvemente will te and ne=d to be nude
the future. These are:

1. Cannula kidney coupliug

2. Optimizing hemodlalizer iecign

3. Pre-packaged blocd cubing anud ceXlopnana envalope
. A patient-monitoring system

. A new hemodialyzer memtrane

. Methods of supplying hemodialysis fluid

(0231, BF gV

¥. Conclusions

The srtificial orgins wnieh huve toer. Siseuscod o she heart, lung and
zidney. It i: mors Likely thet the acart-lung machine sill evolve into a
more refipged form with continued reccarch and develoumont into a veliably
functioning instmanent for ute ou prolongad space flignts or cxtraterrestrial
space vropbesg. “he artificinl kidney can bo engineered to o more compact and
portable form tiiui oow XIS However, vecnuse of the niutare of the arti-
ficinl kidney, thic .cvice, whieh by declgn muct uce large volumes of dialy.-
ing tluid, would moc®t 1likely not be neccilary oF opuble of utilization in
puce rlights to augment tno phyzlology of man. lMost likely the artificial
idney would attain its beot utitlnntion Inoenooralting space station.

3
e
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The use of these instruments, however, Aspends upon the souple bhetween
the instrwient and man. hts problem, although currently adequately solved
by the use of indwelling sysuthetic cathetars, still presents = major problen
for man-mechine integration in an extraterressrial milieu.

It appears that, for the pre:ent, the nost promising use of artificial
organs 1s in their use as rececrch %cols in rrovidiag a better understanding
of the basic physiology of man and how this will he aftected when subjected
+o the changing envirommental econditiuns in cpace research. The-real signifi-
cance of research inio artifieial organs lles in thelr use as experimental
analogs for substitution into test conditions for evaluation without risking
humen 1ifc. Research irto mathematical models of humsan systeﬁrzggg_éection VI)
which can be verified by animal experimentc will lead to the develooment of
such a physical analog-artificial organ.
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IIT. HYPOTHERMIA

A, Introduction

The purpose of this report is to evaluate potential future applications,
to the space effort, of hypothermia, related physiologic changes and associa--
ted techniques. This has been done with particular emphasis upon potential
roles of hypothermia as applied to:

a. Reduction of life support requirements for huwnans during extended
periods of inactivity, in flight or on planet surfaces.

b, Added protection for these personnel in the extraterrestrial environ-
ment.

¢. The same functions, but as an emergency back-up in event of failure
of the primary life support system.

d. Inclusion in the medical-surgical modules of space travel and extra-
terrestrial habitation.

As a part of the complete evaluation, definite consideration is given to
terrestrial fall-out from continued research in space-oriented programs.

This report has been prepared from an extensive search of the literature,
both domestic and foreign; examination and evaluation of current techniques,
materiels, and equipment; and direct commnication with leading clinicians and
researchers in the field.

In order to present a proper perspective of this topic, in the first
portion of this report we will define terminology, review the history and
physiologic effects of hypothermia, and discuss present techniques and appliea~
tions. In the latter portion, we will analyze the feasibility of utilizing
known and expected techniques of hypothermia and other methods of producing
hyponetabolism for various applications in the space effort. Conclusions
derived from the study complete this section.

B. Definitions

As is usually the case when innumerable people of multiple nationalities
and varied training are involved in a common field, the terminology used is
often confused and misleading. For purposes of consistency, we have adopted
the following definitions:

Hypothermia: Reduced body temperature, in toto or in part, in non-
E¥§§FEE€IE§ homeothermic species, induced by any method.

Total Body Hypothormia' Total body reduction of temperature.
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Locel Hypothermia: Reduced temperature of portions only of the body-
ar=a3 Or Organs.

Degrees of H thermia:

i. Light: 3Tg - 3_55 C.

2, Moderate: 320 - 26° C

3. Deep: 26° - 20° C.

L. Profound: Under 20° C. (Little, 1959)

Artificial Hibernation: Hibernmation- induced in a normally hibernating
species at a time when that species would not normally go into that state.-

Natural Hibernation: Naturelly occurring bibernation in 2 normally hi-
bernating species (Juvenelle, 1954) .

Throughout this section, the centigrade system will be used for tvempera-
ture measurements. Recognizing that there is no single core temperature,
esophageal temperatures at heart level will be utilized wherever possible for
reasons glven below.

C. History

The use of hypothermia in medicine dates back to Hippocrates, who advised
application of cold as an analgesic and to check hemorrhage (Armstrong-Davison,
1959). Avicenna listed cold as one of the lesser stupefacients (Gruner, 1930).

Refrigeration analgesia wes advocated during the Renaissance and later by Baron-

Larray, Napoleon's Surgeon General (Little, 1959). In 1800, James Currie used
cold water imersion and application in the treatment of "Fever and other Dis-
ease" (Curie, 1805). In 1866, ether spray was introduced for surface analgesia
and, later, ethyl chloride also for the same purpose (Little, 1959). In 1872,
MacKenzie was using cold for local anesthesia during laryngoscopic examinations
(MacKenzie, 1872). Many more similar applications are extensively recorded.
Experimental total body hypothermla was studied by John Hunter (Armstrong-
Davison, 1959), Simpson & Herring (1905), Tuffier (1920), Crafoord (1935), and
others. We note that Haymens did the first work with the extracorporeal pump-
oxygenator in 1921 (Trede, Chir et al, 1961).

The first modern application of hypothermia to clinical pathology was
performed by Temple Fay in 1940 in the treatment of malignant disease, with
some regression but no reversal of the growths (Fay, 1959). Talbott in 1941
utilized this also in the treatment of psychotlc patients (Talbott, 1941).
McQuistan introduced the technique in the treatment of cyanotic heart disease
in 1949 (McQuistan, 1949) and in 1950, Bigelow and co-workers suggested using
total body hypothermia to achieve complete circulatory occlusion of the heart
for intra-cardiac surgery (Bigelow, Callaghen & Hopps, 1950). A key break=
through in regard to modern cardiac surgery was accomplished by Golian in
1952, who coupled the use of the extra-corporeal pump-oxygenator with hypo-
thermis (Golian, Blos & Schuman, 1952). Another approach to total body hypo-
thermia, that of pharmaceutical hypothermia, was strongly advocated by Laborit
and Huguenard in 1951 (Lavorit, 1951) and has beex vigorously nursued since
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in Europe, principally in France. It is apparent, then, that hypothermia per
se is not a new technique. However, intensive clinical application of this
technique, particularly in surgery, has been accomplished only within the
past two decades.

D. Physiologic Effects

Before reviewing the physiologic effects of hypothermia, it is necessary
to point out the temperature differentials that occur within the body in this
state. As expected, with externally cooled subjects, there is a marked tempera-
ture gradient between superficial and deep structures (Hegnauer & Penrod, 1949).
When direct blood striam cooling is used, temperature differentials ere less,
but still significant (Ruhe & Horme, 1955). In the latter instance, the indi-
vidual organ temperature is a funchion of its active blood supply and metabollic
rate. Ellison (1961) reports an increasing temperature level from esophagus
to brain to muscle. Brain temperature may be 69 to 8° C. higher, and skeletal
m.scle temperatures higher still (Zinng % Kantor, 1960; Civalero, Moreno et al,
1962). Rectal temperature is very inaccurate. Esophageal temperature, re-
flecting the temperature of cardiac blood and being one of the most accurate
accessible sources of core temperature, is accepted as the best indicator
(Cooper, 1959; Severinghaus, 1959).

1. General Metabolism

Metabolic rate as mrasured by oxygen consumption is markedly decreased
under hypothermia (Pratt & Collins, 1956; Reemsta, Martin et al, 1958) once
the initial stress recponse is passed or tils response avoided by use of drugs
and rapid blood stream cooling. The fall is reported as both linear (Bigelow,
Mustard et al, 1954) or exponential (Fairley, 1961) in regard to temperature
fall. For practical purposes, however, general metabolism is decreased by
6 to T% /°C. drop in temperature (Marcy, 1901; Rosomoff, 1956). Representative
percentages of normal rates are:

sob at 30° C. (Stephan & Dent, 1962; Young, Sealy et al, 1959)
30t at 25° C. (Loughead, 1961; Botterell, Lougheed et al, 1955)
15% at 200 C. (McClelland, 1956)

& at 10° C. (Padhi, Rainbow et al, 1361)

3% at 4 C, (Cockett & Beehler, 1962)

Two major points are to be stressed. First, the most useful physiologic
result of hypothermia is a state of hypometabolism. This is the basils for the
majority of its current medical-surgical applications, and also the reason for
jts consideration in space personnel logistic ard protection problems., Second,
metabolism is not completely eliminated in the low levels of profound hypo-

thermia. Adequate perfusion is necessary even at these low levels (Gollan,
Blos & Schuman, 1952: Yeh, Ellison et al, 1961).
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2, Cardiovascular

Cardiac rate decreases as temperature falls, ‘with cessation of cardiac
activity near 15° C. (Fay, 1959; Stephan & Dent; 1962) in man. This brady-
cardia appears to be a direct cold effect upon the sinus pacemsker, independ-
ent of vagal or atropine activity (Koons, 1957). Both systole and diastcle
are prolonged as a result, with particular effect upon the isometric relaxa-
tion phase (Koons, 1957). The physio-chemical processes during excitation in
the sinus node and during myocardial. repolarization, having a high temperature
coefficient, are more severely impaired, whereas the excitation spread through
the remainder of the conduction system, which has a low temperature coeffi-
clent, is lese affected by cold (Blasius, Albers et al, 1961). Cardiac out-
put falls (Dripps, 1955; Lucas, 1959), although the maximum stroke volume has
been reported to remain constant in the dog over a wide temperature range
(Reissman & Van Citters, 1956). Myocardial contractility, however, is not im-
paired, as indicated by an increase in ventricular contractile force (VCF)
vhich is recorded as reaching a peak of 185% or normal-at 210 Ce(Trede, Chir
et al, 1961), and higher (Covino, 1958). Although the work capacity of the
heart is decressed, it still exceeds the requirements of the body (Reissman &
Ven Citters, 1956). The EKG changes have been extensively recorded. The P
weve, PR, GRS complex and QT durations are prolonged, reflecting the slowed
conduction rate (K'o=Ch'in et al, 1958; Lange, Welner et al, 1949; Callaghan
& McQueen, 1954). The ST segment may be elevated or depressed (McClelland,
1956; Boere, 1956; Boere & Derlagen, 1957).

Auricular fibrillation has been one of the major problems in hypothermis,
frequently occurring in man below 260 to 28° C. gcray, 1958; Veghlyi, 1962;
Keele, 1957), Multiple causes of the ventricular fibrillation have been cited
- acidosis, sudden elevation of pH from abnormally low levels, snesthetic
agents, poor corcnary flow, etc. (Kaplan & Fisher, 1958; Swan, Virtue et al,
1955; Lucas, 1959). Clearly, however, myocardial irritability increases.
Covino & D'Amato (1962) identify the circus movement as the mechanism of the
fibrillation, in which the refractory period is prolonged proportionately
longer than the conduction velocity. Electrical defidbrillation i5 the common
method of reverting the heart to normal sinus rhythm (Brock & Ross, 1955) .
Mairtenance of a constant ph, use of quinidine, potassium and Wyamine are

also recommended for prevention and/or treatment of the ventricular fibril-
lation (Swen, Virtue et al, 1955; E. Carney, Ross et al, 1960; Covinec, 13958).

Blood pressure usually rises in light and moderate hypothermia, but defi-
nite hypotension occurs below 260 ¢, (Juvenelle, 195k; Rosomoff, 1956; Koous,
1957; Ankeney, Viles et al, 1958). Peripheral resistance itself increases as
the result of vasoconstriction in response to cold blood (Pratt, Wolff et al,
1961; Lucas, 1959) . With this vasoconstrictlon, physivlogical A<V shunts are
created as a major portion of the circulating blood by-passes the capillary
beds (Koons, 1957).

“.... Crntimt ‘

s

2

um- . u«mnm»imm b



SCR 150 §

3. Blood

The most striking and significant effect of hypothermia on blood is the
marked increase in viscosity (Overbeck, 1961). This has proven to be one of
the major obstaclez in maintaining adeguate perfusicn at profound hypothermic
levels (lNeville, Kameya et al, 1961; Marion, Gounot et al, 1960; Brown & Smith,
1963). Andjus (1955) and Smith (1955) have demonstrated that levels near O° C.
are compatible with. survival of non-hibernating animals, if adequate perfusion
is maintained. Az will be noted later, oxygen dissolved in plasma at these
low temperatures snd/or under hyperbaric conditions is adequate to meet the
metabolic needs. Low molecular weight dextran has been used successfully in
animals as a blood replacement tc alleviate the viscosity problem (Overbeck,
1961). Brown and Smith {1963) have similarly used normal saline solution with
success. MHowever, successful clinical rcplacement w1l require a sclution with
the required specific osmolarity characteristics.

Tmpairment of the clotting mechanism occurs at deep and profound hypo-
thermic levels, as exhibited by prolonged bleeding and clotting times (Brown,
19563 Koons, 1957). The platelets drop to very low levels, 50% or below at
16° €. (Simonovic, Adamec et al, 1960; Andersen, 1961). Red blood cell con-
centration, hemnglobin concentration, and hematoerit increase, *the result of
inter-comparimental fluid shifts, or of retained plasma in the peripheral
vasculature being removed from active circulation (Munday, Blane, et al, 1952;
Dripps, 1955; Lofstrom, 1957). The leukocyte count falls (Marion, Gounot et
al, 1960; Lofstrom, 1957), the result of sequesiration in the liver, spleen and

ocsibly bone marrow, or from layering of these cells along the vaccular walls
Dogliotti, Cilocatto et al, 1961).

4, Pulmonary

Respiratory rate and depth are depressed with drop in temperature, although
this fall is not linear (Lange, Weiner et al, 19i8), Respiration ceases at
229 o 28° C., depending to a great extent upon the type of anesthesia used.
(Osborn, 1953; Michel % Edmark, 196C; Gray, 1958). Cooper (1959) cites the
fact that the respiratory center remains normally responsive to carbon dioxide
even in the lower temperature ranges. Severinghaus, Stupfel et al (1957)
report that the removal of carbon dloxide across the alveolar membrane is un-
hindered. Their work has aiso revealed thaot the anatomical and physiological
dead space is increased, apparently from bronchodilatation,

5. Biochemical (Blood and Tissue)

The oxygen dissoclation curve chifts to the left, with the oxygen bocund
more tightly to the heroglobin (Juvenelle, 1954; Gray, 1958; Fairly, 1961).
This shift, however, can be counteracted somevwhat by lncreasing the carbon
dioxide (Gray, 1958; Fairly, 1961). As the temperature falls, the amount of
oxygen dissolved in the plasma increases to such a degree that in profound
hypothermia, the dissolved Op alcne 1s sufficient to supply the tissue re-
quirements (Boerema, Mcyne et al, 1960; Brown % Smith, 1963). Ebert, Green-
field et a1 (1962) report that at 12° C., all the oxygen utilized is obtaiued
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from sclvtion. The amount of carbon dioxide in solution likewise increases
with lowered temperatures (Boere & Derlagen, 1957; Fairley, 1961). It is
important to stress agein, however, that individual organ oxygen debt can
and does ocrur if adegquate perfusion is not maintained.

Many conflicting reports in regard to blood electrolyte chonges are re-
corded, undoubtedly due, in many cases, to technique and specles varistions,.
However, fall in serum potassium usually occurs, with most ovservers attribut-
int this to a chift from the extracellular compartments (Koons, 1955; Munday,
Blane et al, 1958; Dogliotti, Ciocatto et al, 1961). No sign!ficant changes
of serum sodium or chloride are noted (Swan, Zeavin et al, 1953; Segar, Riley
et al, 1955). However, serum calcium does increase, producing an increase in
the calcium/potassium ratio (McMillan, Case et al, 1957). This latter increase
is felt to play a significant role in the greater myocardial sensitivity.

Without assisted respiratior, a serious respiratory azidosis cccurs
(Osborn, 1953; Axelrod % Bass, 1955), which some feel contributes to the in-
crease of ventricular fibrillation, as previously noted. This acidosis can
be well controlled with completely controlled respiration by the anesthetist,
However, as lower temseratures are reached, a metabolic acidosis is encountered
wrich is partially reflected by an increase in blood lactic acid, unless ade-
quate perfusion is maintained (Neville, Kameyu et al, 1961; Trede, Chir et al,
1961, Bernhard, Carroll et al, 1961),

6. Neurological

Hypothermia produces two physicol chonges in regard to the brain which

 have been used clinically. Brain volume i. reduced to the order of 4.1% at

25° C. (Marcy, 1961; Rosomoff, 1959). As a result, the unoccupied intracranial
space 15 increased significantly, 31.7% at 25° C. as reported by Marcy (1961),
allowing the neurosurgeon more working space. In addition, the brain tissue

is firmer, whiech also facilitates neurosurgical procedures.

Temple Fay (1959) reports the followlng sequence of loss of neuroclogical
function in patients during hypctheormia: dysarthria and mental dullness below
349 C.; lous of phonation below 27° C.; and loss of pupillary light reflex be-
low 26° C, EEG activity ceases at 18° to 220 ¢, (Zingg & Kantor, 1960;
Lougheed, 1961).

Cerebral blood flow is reduced gRosomoff, 1956) and oxygen consumption
falls, being 33 1/3% of normel at 25° C. Rosomoff (1959) places the rate of
reduced cerebral oxygen consumption at 6.7% per 1° C, rall, As expected, with
the suppressed metaholism, cercbral glucose utilization is less (Adams, Elliott
et al, 1957). Aneand,Malhotra et al (1558) report also that acetylcholine and
glunthathilone utilization is decreased in the hypothalamus and frontel lobes,
but incressed in the temporal lobes. As in the myocardium, there appears to
be an intracellular shift of potassium, which may be bound to mitochondria
(Schwarz-Tiere, 1950).

[e——

R




SCR 150

Of clinical significance is the fact that stimmlus threshold is lowered
and duration of recsponses 1is prolonged {Cohn & Rosomoft, 1957;: Chardon & h
Bonnet, 1958). Ordinarily innocuous stimuli may evoke a severe response, a
situation of concern when dealing with epileptic subjects. The analgesic
effect upon peripheral sensory nerves is well known. Peripheral nerve trans-
mission ceases entirely at 6° to 8° C. (Juvenelle, 1954). The autonomic
pnervous system is similarly depressed, the parasympathetic portiou being more
sensitive than the sympathetic portion. Both are inhibited below 28° C.
Koons (1957) feels that vagal activity may be inhibited due to rcduced carotid
body responses from the fall in blood pressure in addition to direct cold
effect.

The foregoing changes are impressive. However, there is ample evidence
that profound hypothermia is tolerated by the neurological system without
sequellae if the perfusion rate meets its reduced but still necessary needs.

T. Renal

Renal changes occur in two major areas. Glomerular filtration rate (GFR)
is reduced as a result of reduced rengl blood flow and mean arterial blood
pressure (Kanter, 1959; Jontz, Bonous et al, 1960). A dissenting note is
heard in . .gard to this, however, in that Reemstma, Martin et al (1958) state
that the r luced GFR is nct related to arterial blood pressure. Urine volume
is not significantly changed in proportion to the GFR, hovever, in that distal
tubwlar function is inhibited, apparently a direct effect of cold upon the
transport mechanisms. The rcabsorption of water, sodium, and glucose is in-
hibited, as is potassium excretion (Kanter, 1959; Sesgar, 1958). The kidneys'
ability to produce ammonia and, conversely, to acidify urine also is severely
impared (Segar, 1958). Segar det'ines the resultant urine product as a glomeru-
lar filtrate which has undergone isosmotic reabsorption, but is otherwise un-
altered by further tubular activity.

8. Liver

Hepatic metabolism is likewise reduced (Fairley, 1961). Bile volume de-
creases but the cholic acid concentration is not reduced (Fisher, Fedor ct al,
1956). Fisher found an increase in liver NPN, but a decrease in glucose.
Under 30° C., the liver cannot utilize blood glucose. However, fructose can
enter the hepatic cells, and there be converted to glucose (Cooper, 1959). Of
considerable clinical importance is the suppression of the detoxitication abil-
ity of the liver under hypothermia. The half-life of drugs is prolonged many
fold at deep hypothermic levels (Rink, 1956). Upon rewarming, the undetoxified
portion of drugs previously administered 1is still quite active and may produce
a severe cumulative effect.

9. Endocrine

_ Following the initial stress reaction, if encountered, thyroid nctivity,
pituitary function, and ADH production in the hypothalamus are all depressed.
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Insulin activity and production are likewise decreased (Cooper, 1959). The
major emphasis in the study of endocrine effects of hypothermia, however,

has quite naturally been placed on the adrenal glands. In that the initial
result of cold is a stress reaction, this is a moderate increase of adrenal
cortical activity. Below the point of this reactionm, adrenal cortical acti-
vity falls, 17-hydroxycorticoid production and conjugation are depressed.

This depression is not affected by added ACTH or surgery, nor is it the result
of lowered blood flow alone (Bernhard & McMurray, 1956). Ostashoov (1961) has
studied the role of ascorbic acid upon the hypothermic adrenal. He has found
that the amount of sccorbic acid in the adrenal at deep hypothermic levels
increases considerably, with a concomitant decrease in circulating ascorbic
acid. By saturating animals with ascorbic acid, he observed a lack of adrenal
hypertrophy in response to cold and noted the animals became more resistant

to cold.

With the acknowledged risk of sacrificing continuity and readability, a
large variety of general and specific phystologic effects of hypothermia has
been presented. One of the major reasons for doing so has been to emphasize
that hypothermia does not produce & cmooth, uncomplicated progression of re=-
duced body functions. On the contrary, the rate and types of changes vary
significantly between different organ systems. 1In addition, the metnod 1itself
- cooling - produces major barriers to the utillzation of lower levels of
hypothermia, among which are marked increase in blood viscosity and inhibition
of temperature sensitive physio-chemical mechanisms. The wide spread clini-
cal use today of moderate, deep, and increasingly profound hypothermia has
only been possible through the development and use of refined devices and
techniques. Discussion of these is included in the following section,

E. Methods

1. External Cooling Devices

The various methods available to produce total or partial body hypothermis
are presented on the followlng pages in tabular form, with respective adventages
and disadvantages.
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TABLE IIT - 1

SURFACE COOLING

a. Ice bags

b. Water immersion

C. Refrigeratéd blankets

d. Cooled air

Advantages . Disadvantages
Relatively simple Bulk and weight
Readily available Marked cold stress reaction
No surgery required at Poor control and marked
mild and moderate hypo- temperature drift

thermic levels
High surfece - core temperature
gradient

Danger of %issue cold injury
Slow

lo perfusion control

Personnel required-
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TABLE TIT - 2

DIRECT BLOOD STREAM COOLILG -
USING EXTRACORPOREAL FUMP AND COOLING

a. Using Oxygenator

Advantages Disadvantages
Rapid Weight, bulk, and complexity
Good perfusion control Aseptic surgery required
Good temperature control Blood traura in extracorporeal
system

Avoids majority of cold

stress reactions Blood-gas interface with disc
or screen oxygenators

Smaller body temperature ,

gradients : Perfusion rate lower than with

. autogenous lung

Tissue cold damage :

eliminated : Highly trained persouanel
required

b. Using Autogenous (subject's) Lungs

Advantages Disadvantages
As in TI-2a; also As in TI-2a, except that
No blood-gas interface Blood-gas interface is elimina-
ted

Pulmonary complications
reduced Also,

Double cannulization required
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TABLE TIT - 3
BODY CAVITY COCLING
a. Colon

bt. Peritoreum

c. FPleural
d. Gastric
e. Bladder
Advantages Disadvantages
‘Simple in regard to externally Primarily usable for local
available cavities cooling only

Very slow for total body
hypothermia, when possible

Surface cold injury
Yery poor temperature control

-Surgery required in some
instances

TABLE IIT - &
INDIVIDUAL -ORGAN COOLING
a. By local perfusion
b. By cooling organ surface

Advantages Disadvantages

Allows selective cooling Limited use only
Surgery ususlly required

Surface c2ld irjury with b
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TABLE IIT - 5

PHARMACEUTICAL
Advantages Disadvantages
Potentially simple to institute Mild hypothermic levels only
possible with present drugs
Can be self-administered .
(No additional persomnel for Poor control of depth and
this purpose) duration

Minimal weight and "cube*
Non-mechanical

No surgery required

No blood traums from an

extracorporeal system

5. Electrical Stimulati.n of Hypothalawmus (Experimental Use Only)

Rather than present further details of extracorporeal pump and oXy 2ol
constraction here, reference is directed to the section on-artificisl organs (11)
in this publication. ’ :

Of the methods tabulated in this section, Body Cavity Irrigation and
Electrical Stimulation of the Hypothalamus are not applicable to our purposes.
Local organ cooling, such as regional brain perfusion, can be considered as =
limited type of perfusion hypothermia discussed below.

The problems and disadvantages of surface cooling are impressive. The
lack of control, the high body temperature gradients, marked stress response
during induction phase, and absence of perfusion control are significant
deterrents to its use in deep or prefound hypothermia. However, it has been
feasible*'m*produce*prolonged*mild hypothermia with this method and in such
a role can be considered in space logistic problems.

Direct blood stream cooling with the extracorporeal pump is the metrod
of choice for deep or profound hypothermia. Using the subject's lunzs offers
the additional advantages of less blood trauma and a higher allowable perfusinn
rate. Speed and controlability are the prime factors with this general method
in regard to its surgical use.

Pharmeceutical methods to produce hypothermia have not gained wide use,
primarily tecause ol the relative ipeffectiveness of this method to produce a
significant degree of temperature droc. :




F. Current Clinical Appiications

1. General Medicine

One of the cldest applications of hypothermia has been tc combat febrile
conditions; it is stili widely used for this purpose. Colonic irrigation,
surface sponging and refrigerated blankets are utilized. Although its role
in the *reatment of extensive burns is still in contention, local hypothermia
is recommended in the treatment of less extensive burns. Wangensteen et al
(1962) cite the effectiveness of gastric mucosal cooling in the treatment of
gastric hemorrhage and ulcers.

Additional suggested uses have been to aid._in the treatment of neonatal
asphyxia (Miller, 1958), corbon monoxide poisoning (Craig, Hunt & Atkinson,
1959), severe antigen-antibcdy reactions (Vukobratovic, 1961) and multiple
sclerosis, aithough not ail of the latter uses have been fully evaluated by
extensive clinical test.

2. General Surgery

Hypothermia has not gained wide acceptance in the field of general sur-
gery. Pre-operative cooling of patients, local organ cooling (Cockett, 1960),
-differential cooling*during‘chemotherapeutic'perfusion for malignancy and
institution of hypothermia during tuberculosis lung surgery (Dechene, 1957)
have been utilized on a restricted basis. Some have advocated the use of
hypothermia in the treatment of hemorrhagic shoeck. However, there appears to
be no rationale for such usage.

3. Neurosurgery and Neurology

Mild and moderate hypothermic levels have been used iu neurosurgery for
some time to gain the advantages of firmer brain tissue and increased operative
space (Callaghan & McQueen, 195k; Botterell, Lougheed et al, 1955). Both
total body and selective brain cooling have been used (Fay, 1959; McMurrey &
Bernhard-et al, 1956). However, a distinct advantage from-such cooling is yet
to be proven from the standpoint of reduced morbidity and mortality. Wide use
of hypothermia, however, is made in the treatmert of head injuries to reduce
cerebral edema and traumatic hemorrhage. For the same purpose, it is alsc uti-
lized to prevent post-operative cerebral edema.

4, Cardiovascular Surgery

By far, the most extensive use of total body bypcthermia has been in this
field of surgery. It has been this application which has spurred the modern 7
advances in total body hyvothermia *techniques. Surface cooling is still wide-
1y used for the less complicated lesions. and preferred by meay surgeons. In
dealing with the more ccmplicated lesions where longer interruption of eircu~-
lation is required, extracorporeal cooling and pup systems hawve come to the
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fore, The double cannulization technique introduced by Drew et al to allow
utiiization of the patient's lungs promises to decrease the blood require-
ments and pulmonary complications encountered with various artificial oxygena-
tors.

G. Protective Effects of Hypothermia

The bacis for most of the protective benefits of hypothermia is the

state of hypometabolism'that”resuits. Tissue protection from interrupted or
reduced blood supply, physical trauma, hyperthermia and carbon monoxide intox-
ication have been cited above. However, extensive work has been conducted in-
vestigating other hazards whnse adverse effects are similarly reduced by the
use- of hypothermia.

Many studies have been performed to evaluate the results of X-irradiation
under conditions of hypothermia. Bloom and Dawson (1961) subjected mice to
whole body irradiation with mormally lethal doses. Ko deaths resulted in those
~animals which were at a temperature of-belaw 309 C. at “he time of exposure.

An earlier study by Szilagy, Benko & Csernyanszky (1958) with mice at 15° to
200 C. produced the same result. F. John Lewis (1960) obtained 83% survival
with rets at 0° to 10° C. using doses exceeding ID100 as rated at normothermic
Tevels. Kuskin, Wang et al (1959), Hormsey (1956) and others repcrt comparable
results. Similar protection is reported in reference to gamma and cosmic radi-
ation (Cockett & Beenler, 1962).

Increased tolerance to high g-forces has been demonstrated in cenbtrifuge
tests exposing mice to 2300 g for periods up to 15 minutes. Studies by Malette
have demonstrated an increased tolerance to dysbarism (Cockett & Buhler, 1962) .

Marcy (1962) reviews the work done demonstrating an increased tolerance
to bacterial and viral infections. It is felt that this result is due to both
tie reduced growth rate of the pathogens and to the reduced oxygen needs
(metabolism) of the tissues involved.

Exploitation of the above benefits in a hostile space enviromment is worth
serious consideration, in that conventional protective measures may be neither

possiblefnor'effectivewduerto weight restrictions, or to a situation where the
degree of the hazard exceeds predicted levels.

H. Prolonged Hypothermia

In view of the consicderation of using hypothermia on prolonged space
missions for reduction of looiscical loads, a briel discussion on the present
state of prolonged hypothermia 1s in order.

In discussing prolonged hypothermia, it is well to note that very little
research or clinical experience has been gained in the use of hypothermia for
pericds exceeding one week., Fisher, Fedor et al (1958) report the results of
their studies involving periods of twelve hours. Lewis (1961) reports hi
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experimental smork with dogs at deep hypothermic levels extending to twenty -
_hours. In the latter study, respiration but not circulation was controlled.
The high survival rate in two of the groups (100% survival of five dogs receiv-
ing Reserpine; 71% survival of seven dogs used as Reserpine controls) were
attributed to improved anesthetic and respiratory teckniques, with possibly
some benefit being derived from the use of Reserpine.

Temple Fay and others have maintained patients at mild hypothermic levels
for periods of two weeks or more. At the temperature levels invelved, tne

o

majcr adverse effects of hypothermla were avoided.

It is reasonable to assume that in order to obtain the best logistical
advantage from_hypothermia, a period of over one week at moderate to deep
hypothermic levels should be utilized to gain enough weight and bulk advantage
to justify its use for this purpose. It is hoped that contlnuing research in
long duration hypothermia will be pursued to further clarify its ultimate role
in reducing space life support load requirements.

I. O%her Yypometabolic States

Our attention and interest should not be restricted solely to hypothermia.
Although it is tive thai the use of cold is the only effective method available
todey of inducing markad hypometabolism, other induced or naturally occurring
states of hypometabolism are of importance.

Drug-induced mild hypothermia has beer previously clted. The well known
"Lytic Cocktail" consisting of chlorpromozire, ueperidine, and promethazine,
has been -extensively used. The effective agent is chlorpromazine, whose hypo-
thermic capability'apparently is due to peripheral vasodilatation. Although
the hypothermic reduction of metabolism is relatively small, extreme interest
continues in this method, particularly in Europe. (Gray, 1958; Veghlyi, 1962;
Chesnokova & Agayev, 1958; Laborit, 1956; Alluaume, 1952; Dechene, 1957; Dundee
& Mesham, 195L)

The clinically,accepted.drug,propylthiouracil may also be included. How-
ever, the slow rate of effectiveness, relatively poor control, and restriction
of primary action to the thyroid gland make it poorly adaptable to anticipated
space needs.

Of great basic interest is the process of hibernation, which has been the
subject of study for a great -many people over a long period of time. The basic
research in this area is of particular significance in attempting to jdentify,
and perhaps isolate, the specific enzyme and other primary physiological dif-
ferences wnich-exist. between hibernating and non-hibernating animals.

Many of the subtle differences have been jdentified. Some of the charac-
teristics of hibernation are: the animals must be ready to hibernate; metab-
olism drops sharply before hypothernia develops; the teunperature drops in
steps; blood pressure stays up despite fall ia pulse; cardiac, respiratory,
nerve, and other vital fuactions continue to perform even &t low temperavures

-rr -
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(1° to 5° C. in some species) ; and metabolism increases if body temperature
falls below 0° C. (Lyman, 1961) .

Tt is clear that hypothermia is the result, not a cause, of natural
hibernation (Lymsn, 1961; Popovic, 1956) . When hiberzating specles are ex-
pcced Lo induced hypothermia, the physicloglc responses at the various core
temperature levels differ entirely from those occurring during natural hiber-
nation.

Bigelow in Torontc has been particularly active in attempting to isolate
the "hibernating hormone" of the ground hog. He feels such a substance is
present in glandular tissue, which histologically resembles adrenal tissue,
located in the axillae and mediastinum of the animaei. :

Of similar note is the process of estivation ty which animals physiologi-
cally adapt to the environment of prolonged extreme heat and dryness of the
desert. Swan (1963) is currently very interested in pursuing investigation
of the -antimetsbolic agent which he believes exists in a concentrated form.in
such. an estivating reptile in Africa.

Tt is reasonsble to expect that basic research of this type may well
ultimately 1ead %o the development of an effective hypometabolic agent for
humens. As such, it is intimately con. ned with the long term aspects of
space fligh%.

J. Summary and Evaluation

1. Hypothermia

The advantages potentially available from hypothermia as applied to trans-
portation and habitation in space have prompted many to consider including
hypothermic techniques in such life support systems. The major fields of ap-
plication would be:

1. Inclusion in primary Tife support systems to decrease logistic re-
quirements--of prolonged _space_flights.

2, Inclusion in life support systems to utilize the protective-benefits
offered.-

3. Inclusion as a back;up in life support systems for either of the
above purposes.

4. TInclusion in epace medical-surgical modules.
In addition, advances in terrestrial applications of hypothermia as fall-out

from space oriented research and development is to be considered in evaluating
the advisability of vigorously pursuing such space oriepnted research.
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Altnougn various limited applications of hypothermia have been recog-
nized and used Tor many centuries, only during the past two decades has this
technique been refined and extensively applied to make fuller use of its po-
tential value. The major stimulus to these modern advances has been to ex~
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tend cardiac and great vessel surgical capabilities. It is important to realize

that many potentisl applications have not been thoroughly investigated simply
because the need did not previously exist.

Tt is clear that induced hypothermia in homeothermic animals, specifi-
cally man, is not at all comparable to normal hibernation In hibernating
animals. Tremendous reduction of human metabolic requirements is feasible
with the use. of profound hypothermia. However, under such conditions, survi-
val of the subject at this time is entirely dependent upon continuous and
close control of his major physiologic systems by complex equipment in the
hands of a highly trained team.

The weight and cube characteristics of present equipment far exceed
the limitations of space logistics. However, Drs. Ivan Brown and Wirt Smith
at Duke (1963) expressed the firm belief that this equipment can be sharply
reduced to very acceptable cube dimensions and to a weight of forty pounds or
much less with proper intensive engineering.

In regard ‘o attending personnel requirements, Drs. Brown and Smith are
of the opinion that most of the equipment can be automated. Coupling such
automated, miniaturized equipment to phyciologic moniwdring systems expected
within the next five to ten years can foreseeably eliminate the on-board
personnel requirements., The subject could inmitiate the required -medication
and copnections himself, after which the process would be controlled by the
automated system alone or in conjunction with monitoring terrestrial personnel.

A parallel intensive physiologic research program would be required to
ettain such capabilities. Particular emphasis vould be placed upon prolonged
and profound hypothermia, including the elimination of blood viscosity by
proper blood alteration or replacement. Such a program would be specifically
oriented to space requirements and would need adequate funding and staffing
to permit continuous and repetitive round-the-clock experiments as are re-
quired with any sizable research program in prolounged hypothermia.

2. Other Hypometabolic Methods

The key to known ard indicated advantages of hypothermia has been the
production of a state of marked hypometabolism. With hypothermia, this has
been obtained by physical means - cold - and is the culy means thus far capa-
ble of producing such low levels of metabolism in man. The method entails
complex equipment and surgical procedures.

Another approach is to use pharmaceutical rather than physical means .
The technical advantages of the latter method ere clear, since the mechanical,
surgical, and personnel requirement problems would be bypassed.
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With his comparatively crude methods, men is attempting to imitate th-
nabural hibernation of hibvernsting animals. More krowledge is being gained
of the details of physiologic structure and function whiech occur during this
latter process. The temperature coefficient and energy level characteristics
3 of hibernating enzyme and other systems are entirely different from those of
men. Similar differences appear wo exist in estivating animals.

Althougt. grave doubt exists as to the feasibility of duplicating all
these processes in man, it is -~eascnable ‘to expect that identification of
specific agents involved can result in a true breskthrough in the effort
develop an effective hypometabolic agent for humans.

o

K. Conclusions

1. Man's metabolic requirements can be sigrnificantly reduced by prolon-
; prolonged pericds of hypometabolisu.

2. Significant added protection for humans against radiation, g forces,
and bacteriologic and viral infections is indicated by the use of
induced hypometsbolism.

3. Hypothermia is the orly currently available means' capable of produc-
ing the required degrec of hypometabolism.

k, Refinement of the techniques and equipmert in conjunction with ac-
celerated basic and applied research in hypothermia can be expected
to result in an acceptable hypothermic system for space travel and
habitation within five to fifteen years.

5. Accentuation of basic research in the biochemical control of metab-
olism, in both man and other animal species, 1is strongly indicated
to develop an efZective pharmaceuticeal hypometabolic agent.

6. Definite terrestrial medical-surgical fall-out will result from the
foregoing programs.

The majority of the beneficial effects of hypothermis are essentially
the result of reduced oxygen and other nutritional requirements resulting
from the hypometabolic state. The advantages of thic state of reduc=d metab-
olism are quite impressive under certain circumstances and the potential space
application in-regard to life support Systems and extraterrestrial medical
therapy. The elements of added physiological protection and reduced physio-
logical needs are powerful arguments, indeed. We must provide as much second-
ary backup to the astronaut as is practical, in sddition to supplying his
primary line of life support. This would be more ~pplicable to the longer
missions wiiich would entail significantly extended periods during which the .
physical and mental abilities of one or more of the erew would not be re-
quired. ]

I11-18
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Evea - .re significent, perhaps, would be tke inclusion of hypometabolic
capabi’ ities ‘n an emergency 1life support system for even the shorter flights,
o be aviilai.r in the event of vehicle control or other failure., Under such
circu~ te ces, “he additionel mission time could create demands far exceeding
the c¢-. i ~ivie of onboard supplies if such were uszd at normo-metabolic

rate:. Cor.inued research in hypometabolism could achieve this purpose.
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é A. Introduction

In the not too distantfuture, space flights of from a few months to
several years will be a reality. Advanced planning and research efforts,
therefore, must be directed o include means of reducing the almost pro--
hibitive cize and weight requirements of the life support systems. Accord-
ingly, consideration must be given to the possibility of obtaining a precise
pharmacological control over many physiologic and psychologic functions in an
effort to control maun's limitatious and augment his capabilities in an effort
to drastically reduce the life support systems requirement. Certain specifics-
are under consideration and are discussed in detail dbelow.

'?F B. Anxiety and Depression

The relief of anxiety and/or*depression has occupied the efforts of
many people in the last few years.

The narcotic analgesics (morphine and its congeners) have considerable
ability to abolish anxiety, and the major tranquilizers (phenothiazines)
kS are also helpful in a different sort of way.

- However, in stable individuals some‘anxiety appears to bte a necessary
adjunct to judgment and such individuals often function most effectively
under the influence of some psychological stress. There is no drug whose
3 sole action is just to make an individual less anxious. In a difficult
situation, it might be preferable to be cold sober. During certain periods
of inactivity, however, one might wish to temporarily reduce anxiety and

in this case perhaps the use of tranquilizers would be most effective with
the least interference with efficiency. All the narcotic analgesics
(morphine, etc.) have quite undesirable effects in that they can very ad-
versely reduce a man's concern for his feilow man with disasterous consequences,
q- They also have other sericus disadvantagous side effects.

Depression can be alleviated by the so-called "amine oxidase inhibitors"
but they seem to be most effective in cases where the cause of the depression
is within the individual. The bYest sateguard to depression is a healthy
individual psychclogical resiliance. The "amine oxidase" inhibitors might
be effective in counteracting depression associated with prolonged isolaticn,
but measures such as constant communication would be more ~ffective against
the depressing effect of isolation.

Agression may be decreased by tranquilizers and pessibly increased by
séx hormones. )

Table IV-I,taken from Medical Research Digest (1962),includes tran-
guilizers and antidepressants which have been reported to have some degree
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of efficacy. Presumably the tranquilizer symptoms are not always separate
entities, nor are drug effects always clear-cut. The frequency and types
of side effects have not been considered. An attempt to select from this
Iist drugs which might be suitable for use in long space flights would
necessitate a detalled understanding of the desired and undesired effects
as well as a thorough evaluation of all activities of each drug.

Use supported by at least one controlled study.

Code: X =
Y = Reported in literature or in manufacturer's brochure.
? = Efficacy questioned by at least one controlled study; cr
! . usefulness oniy equivocally supported by uncontrolled
* studies. .

Xenon, the rare gas, is known to have depressant actions on the nervous
9 system. In some ways, it is an ideal anesthetic gas, but is not.used for
] this purpose because of 1its great expense.

Recently (Science, 1962) it has been shown that Xenon can be reacted
' ﬁo form salts. This opens up many possibilities for the study of the
actions of Xenon compounds. It is anticipated that such compounds should
pave @ unique CNS depressant action which may be quite different from any
known drugs _and may also prove non-toxic. Xenon compounds may be used then
to produce a similated state of human hibernation. : ’ .

I C. _Fatigue

The problem of listing drugs for the relief or prevention of fatigue
is immediately compounded by a question of definition of fatigue. In a
? lengthy review Bartley (1957) pointed out the inadequacies of the old
definitions of fatigue which were:

(1) objective fatigue = work decrement
(2) subjective fatigue = man’s self-appraisal in terms of feeling
(3) physiological fatigue = changes in activity of body mechanisms

: Bartley preferred to consider fatigue a matter of disorganization, not
i necessarily involving impairment, which can occur at a number of levels.
His review was divided into sections which relate to these levels of ac ivitys

(1) cellular activity and dysfunction
(2) fatigue related to failure or change in function of a tissue system
: (3) fatigue of the whole organism considered as a lack of energy
__ (k) ratigue as disorganization of function rather than energy lack

The problem might be considered a matter of semantics except that definition
is essential to the devising of proper test methods.




TASIE IV-I

TRANQUILTZERS AND ANTIDEPRESSANTS

TRANQUILIZERS USES

Phenothiazine Derivatives _ Psychoses Neuroses

Dim~thylamine Series

chlorpromazine (Thorazine) - X Y

; methoxypromazine (Tentone) _ ? 7
promazine (Spari ne) . o Y
nromethazine (Phenegran) A - v
propiomazine (Largon) - Y

. triflupromazine (Vesprin ) k¢ Y

t trimeprazine (Temaril) . B , - Y

! Piperazine Series

! acetophenazine (Tindal) . v Y

; fluphenazine (Permitil, Frolixin) X Y
perphenazine (Trilafon) X v
prochlorperazine (Compazine) X X
thiopropazate (Dartal) i X Y
tyrifluoperazine (stelazine) , X -

Piperidine Series

mepazine (Pacatal) ' ? Y

: thioridazine (Meller:l) X X

| Reuwolfia Alkaloids

A ; alseroxylon . Y Y
| deserpidine (Harmonyl) X Y

rescinnamine (Moderil) Y Y

. reserpine X Y

_{ Substituted Diols

emyleamate (Striatran) - Y

meprobamate (Equanil) - X

i phenagylcodol (Ultran) - Y
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azacyclonal (Frenguel) 7
benactyzine (Suavitil) -
buclizine (Scftran) -
captodiamine (Suvren) -
chlordiazepoxide (Litrium)
actylurea (Levanil, Nostym) _ -
etenlorvimol (Placidyl) -
nydroxyzine (Atrax, Vi staril) -
mephencoxalone (Trepidone] 4 -
oxanamide (Quiactin) - -
%’ . promoxolane ( Dimethylane) -

AT RO e e s e

ANTIDEPRESSANIS¥ Depression

MAO Inhititors - Hydrazines

 isocarboxazid (Marplan) X

. nislomide (Niamid) X
;" phenelzine (Nardil) X

MAO Inhibitors - Nonhydrazines

etryptamine (Monase) | ! . .Y 7

tranylcypromine (Parnate) - ' v

Amphetamines

amphetamine (Benzedrine) Y

d-amphetamine (Dexedrine ) Y

methamphetamine Y

Tminodibenzyl Derivatives

amitriptyline (Elavil) X

jmipramine (Tolfranil) X

Compounds cf Miscellaneous Structure

deanol (Deaner) 9

methylphenidate (Ritalin) 2

phenmetrazine (Preludin) Y

pipradrol (Meratran) ¥

1 -~ Combination
Benactyzine and neprobimate (Deprol X

* No attempt has been made 10 distinguish between neurotic and psychotic
depression.




-pesistance to gravity. Polis (1961) reparted that the survival time of

The moet frequently used tests have involved some mental effort (simple
addition or subtraction, for example) over varying periods of time in normal
or sleep-deprived subjects. In general, ClS stimulants, particularly the
amphetanines, have been studied. The duration of antifatigue effect is
1imited to perhaps intermittent use for say 72 hours. If provision is nct
made for sleep and the drug continued, the individual may suddenly without

warning fall into a deep sleep or may hallucinate.

As long ago 3as 1938 Barmack repcerted that 10 mg. of *Benzedrine'’
improved the subjective feelings of subjects and increased the number of
arithmetic problems actempted during a two hour period. Korentsky et al
(1959) repcrted that dextroamphetamine improved performance of sleep-
deprived s bjects in some psychological tests but returned only the least
impaired performances +0 the non-sleep deprived.level. Holliday and
Devery (1662) tested several drugs in sleep-deprived healthy subjects doing
addition and subtraction of numbers. Two stimulants, dextro-amphetamine
and an experimental drug W1206, significantly enhanced performance beyond
that of subjects who received meprotamate, amitriptyline, or placebo. The
work of the group who received amitriptyline was significantly retarded.
Improved performance in a different type of test was reported by Eysenck,
et al (1957). Their:subjects were required to follow closely a small
metal disc-on a turntable. Performance was improved with dextro-amphetamine,
while subjects who had received sodium amytal were 1less productive than
those who received placebos.

A different approach and a different type of compound has recently
been studied by Shaw et al (1962). Tre material tested was a mixture
of potassium and magnesium salts of aspartic acid (spartase, Wyeth).
The use of Spartase in treatment ol fatigue was based on its ability to
delay exhaustion in swimming rats. It has been hypothesized that ‘the
aspartates delay fatigue by delaying "metabolic exhaustion"” which has heen
attributed to exhaustion of one or more substrates required by the Krebs
cycle. Shaw et al demonstrated relief of fatigue by Spartase in double
blind trials in patients complaining of chronic fatigue with or without
organic disease.

D. Protection Against Acceleration

Very little has been published on protection by drugs against
acceleration stresses; it is assumed that compounds are being tested for
sueh activity, but for proprietary reasons are oot yet availatle. However,
Browne and Polis have pointed out the involvement of endocrine systems in
withstanding acceleration stress.

Browne (1959) showed that insulin-induced hypoglycemia reduces

rats exposed to 20G was significantly incraase? by hypephysec-omy and
significantly decreased by adrenalectomy. Sanco and Meineri (1961) pro-

L A

longed the resistance of rabbits to 3G by parenteral administraiion of
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either epineplrine oY nor-epinephrine. In his most recent paper Polis
(1962) indicates that a number of agents have-been tried. He states that
tranquilizer and anti-adrenergic compounds were at best inactive and usually
harmful. Only marginal-effects were seen with a psychic energizer and a
steroid inhibitor. Polis did, however, find that Lucidril {2-dimethy-
lamincathyl p-chlorophenoxyacetate) significantly iacreased the tolerance

of rats to acceleration at 20G. The effect was dose-related, lasted only
about four hours, and required several days of treatment vefore becoming
apparent. He suggested that the effect mighkt be mediated via the hypothslamus,
an hypothesis which can be tied in with his earlier findings in hypo-
physectomized rats. :

E. Protection Against Heat Stress

In the lest 10 years, there has been very little information on pro-
tection of either animals or man against extremes of heat. There have also
been a number of studies on physical means of protection from the physio-
logical effects of extremes, but drugs have received little attention.

Protection ageinst one or more effects of heat stress has been obtained
with chlorpromazine, reserpine, ascorbic acid, methimazole, Pendiomide,
cortisone, and vitamin E. In 1958 DeBias et al tested a series of agents
with effects on the autonomic nervous system in adrenalectomized male rats

_ exposed to temperatures of 37.59C for six hours. Chlorpromazine administered
intramuuscnlarly at lOmg./kg. significanrtly increased survival of the rats;
this effect was enhanced by the addition of sub-effective doses of bhydro-
cortisone. Pendiomide, a ganglion blocker, was ineffective at an intra-
muscular doseof 0.7 mg;/kgx but when suberffective doses of-hydroeortisone
were added the survival rate was significantly increased. Dibenamine and
phentolamine hydrochloride which are adrenolytic agents and propantheline
bromide, an anti-cholinergic, decreased the rate of survival of heated
adrenalectomized rats. It was postulated that the effect of chlorpromazine
was not due to its hypothermic activity since the colon temperatures of the
treated and untreated rats did not differ.

Juskiewicz (1961) confirmed the protective effects of chlorpromazine
in intact rats. He injected 5 mg./kg. or 20 mg./kg. intramuscularly one
hour before exposing rats to 43°C. Chlorpromazine also decreased the rate
of depletion of adrenal ascorbic acid and the rate of increase of adrenal
gland weight in the exposed rats. Similar but not statistically significant
results were obtained with reserpine 10 meg./kg. or 20 meg./kg. given one hour
before exposure -or with two 100 mg./kg. doses of asccrbic acid injected at
24 hours and one hour before exposure. The protection effects of chlorpromazine
and ascorbic acid against heat stress were enhanced by concomitant adminis=
_tration of the two sgents. Juskiewicz and Jones (1961) further found that
an intramsecular injection of 3 mg./kg. of chlorpromazine protected pigs
expoced to 40OC. There was a statistically significant increase in survival
and a significant decrease in the depletion of adrenal ascorbic acid and in
Lody weight loss.



_F. Agents Affecting Metabolism (See also Hypothermia)

In a study of the r-~liatida of thyreid sctivity o stress Juskiewicz
fourd that methimazole, 2 thyroid antagonist, administered at a daily dose
of 6 mg./kg. for five days before exposure +o hea®t increased the survival
time of rats and decreased the rate of depletion of adrenal accorbic acid.

A publication on heat stress, Wiswell 1961), reported that vitamin
E (oc-tocopherol) exerted a protective effect in rabbits exposed to 45°¢
for 60; 75, or G0 minutes or 50°C for 60 minutes. Vitamin E was administered
orally at = daily dose of 20 mg. for fourteen days befcre exposure to heat.
411 treated animals showed less change in rectal temperature and less weight
loss than untreated animals during exposure o heat. The protective effect
was greatest in rabbits exposed to L50C for 75 minutes. -

This intriguing information indicates the possibility of providiag
protection against heat stress by pharmacological means. It is, however,
obvious that much work will be necessary to determine the most effective
agents and the mechanisms invelved.

Metabolism is lowest at rest and during sleep. The only effectiveg’
drugs for this are the antithyroid drugs. They produce a sluggish
individual whose responsiveness and. alertness ©s decreased. The maximal
effect is small. If the sequence of évents leading to metabolite preduction
is blocked, the substaince just prior to the block will accumuiate. All
events leading to such a situation prcduce coma. : :

In healthy adults the heart rate is rather labile and decreasing it
does nnt reduce metabolism. The normal body resists blood pressure changes
especially =z reduction s vigorously that it is extremely difficult to
achieve and will undoubtedly result in the disablement of the individual.

The CO, carrying capacity of the erythrocytes can be reduced with
dismox (cargonic anhydrase inhibitors). This may cause headache and malaise
but at rest there is not much disablement. However this results in no use-
ful reduction in. metabolism. The 002 accumlates a little but still Is
removed.

True hibernation is unknown in ran. After the thermctoxic center of
the hypothalawmus is knocked out with the general anaesthetic drugs of the
chlorpromazine type (phenobhiazines), a fall in body temperature will result,
vut ventricular fitrillation may occur if temperature falls too much. Fome
of the glycerol ethers caused a fall of temperature in guinea pigs tut not
in dogs.

Tn tne clinical publications the erpreiis is on the use of induced
hypothermia during surgery or as a therapeutic measure. Many studies of
hypothermia have been devoted to its physiological and metabolic effects.
The techniques of induction of hypothermiz in most common use are pkysical
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as, for example, surface cooling by packing in ice, etc., ar extraccrporeal
cooling of the blood.

The role of drugs in this process is a minor one; some space in
reviews and other publications has been devoted to discussions of the most
suitable anesthetics. With regard to drugs such as chlorpromazine or the
"1ytic cocktail” {chlorpromazine, promethazine, and meperidine) the comments
of* R.U. Dripps in the publication of the National Acsdemy of Sciences axre
significant: neither chlorpromazine, promethazine, meperidine or Hydergine,
alone or in combination has produced a significant lowering of body temperature
without added cold. Some or all of them may be valuable adjuncts to
cooling but none can serve as the primary agent.

G. Motion Sickness

The listing of antimotion sickness agents according to prophylactic
effectiveness by Moyer (1957) gives a good picture of the present situation.
The highest protection against airsickness is afforded by scopolamine, 1.0
and 0.65 mg., followed fairly closely by Marezire, 50 mg., then by Benadryl,
50 mg. In third place are Bonamine, 50 mg., Phenergan, 25 mg., and Trimeton,
50_mg., while Dramamine, 100 mg., follows closely as fourth. The order of
prophylactic efficacy in seasickness is: first: Bonamine, 50 mg. (once
daily); second: Phenergan, 25 mng., (twice daily); third: Marezine, 50 mg.;
fourth: Benadryl, 50 mg., and Dramamine, 100 mg.; fifth: Trimeton, 25
mg., and last: scopolamine, 0.5 mg.

A review of pertinent studies which form the background for these
conclusions follows:

1. Belladonna Alkaloids

Since many of the symptcms of motion sickness resemble those produced
by stimulation of the parasympathetic system, parasympatholytic drugs were
the first tried. For almost 60 years the belladonna alkaloids, atropine,
hyoscine and hyoscyamine remained the only effective agents available against
motion sickness. The.most widely used and studied has been l-hyoscine
(scopolemine). There is no proof that hyoscine is superior to a‘ropine or
hyoscyamine but it is generally believed to produce fewer side effects
(Smith, 1948). As scopolamirn: is an effective prophylactic against air,
sea and swing sickness in man, it has been adopted as a standard for the
comparison of new or potentially effective drugs. The dose generally used
is 0.65-0.75 mg. Glaser (1951) used 1.0 mg. of sccpolamine hydrobromide
and found it significantly superior to Phenergan, 25 mg., and Benadryl, 25
rg. in preventing sea: ickness. Vith the same dose of scopolamine Chinn and
Miich (1953) demonstrated a similar high degree of protecting against air-
sickness. In his 1957 report on erfective antiemetic agents, Moyer states
that scopolamine is the most potent drug against airsickness when used in
single doses but adds that it is not the agent of choice because of its
side effects. The literature of the early forties contains numerous



references to various mixtures of beiladomna alkalcids and combinations
with thiobarbiturate, amytal, etc. (Fields, 1943). Although each of these
mixtures afforded good protection, there was no evidence that any of them
were superior to scopolamine alone.

2. Synthetic Antispasmodics

ials with synmthetic substitutes for belladomna alkaloids {(Chinn,
1953) such as Banthine (methantholine), Bentyl ( dicyclomine hydrochloride)
and Buscopan (hyoscine-N-bromobutylate) showed that none was able to prevent
moticn sickness. These findings suggest that there is no relation between

antispasmcdic activity and efficaby in motion sickness.
3. Armphetamine Sulfate and d-Amphetamine

Blackham (1939) listed amphetamine sulfate with bromides, cocaine,
and. chloral nydrate as the best remedies against seasickness. Hill (1937)~
who treated 100 cases of seasickness with 'Benzedrine', found improvement
in 39% of the subjects and stated that the drug might be of value in cases
of excessive vagus activity.

D-amphetamine has also been tried in various mixtures; the most recent
report on a combination containing dexamphetamine, scopolamine bromchydrate
and bellafolin was made by Monnier (1955). At first injected the mixture
was later administered in the form of suppositories which proved to be more
convenient and as effective as the parenteral route. Of the 324 trans-
atlantic passengers treated with two suppositories daily <f this mixture,
241 and 78 experienced full and partial relief respectively. The exact
dosage was not given. ,

L, Pyridoxine

Pyridoxine, which has been frequently ucsed alone or in combination to
counteract emesis of different etiology, was alsc tested against motion
sickness. Thuer (1952) found it ineffective, while Benkendorf (1953),
who administered 50-mg. of pyridoxine to a large series of seasick patients,
reported good results. Ninety per cent of 2500 patients receiving
pyridoxine suppositories experienced improvement while G0 patients given
placebo suppositories were not improved.

5. Antihistamines

In 1949 Gay and Carlinger reported on the striking effectiveness of
Dramamine in preventing seasickness during a rough North Atlantic crossing.
One hundred thirty-four soldiers who received 100 ug. of Dramamine upon
embarkation and 400 mg. daily in divided doses for at least 48 hours
remained ccmpletely protected. The therapeutic effect of the drug was
equally impresgsive: complete relief was observed within 20-60 minutes in
372 (95.6%) of 389 men who became seasick. Administration of placebo to
50 seasick subjects resulted in 38 failures (E4.4%). Although the
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exacution of +he experiment was criticized by Tyler and Bard (1949} con tke
basis of uneven distritution of Dramamine and placebo treatment and the
failure to include a <nown prophylactic, the effectiveness of Dramamire

was repeatedly and consistently confirmed by other investigators.

Strickland and Hahn (1949) repcrted that the drug also affords
significant protection from airsickness, but could detect no difference
between Dramamine and placebo in protecting against swing sicknesz
(Strickland, 1950). When the same authors compared 100 mg. of Dramamine
with 0.65 mg. of hyoscine, given one hour prior to flight, airsickness
occurred in 33% of the subjects on Dramamine and only in 20.4t% of the
persons on hyoscine. This finding that Dramamine is not superior to
hyoscine against airsickness was confirmed subsequently by other investi-
gators and further studies showed that there was no significant difference
between the ability of Dramamine and that of hyoscine to protcct from
seasickness (1950).

Since Dramamine is the 8-chlorotheophylline salt of dimethylaminoethyl-
benz~hydryl ether and Ben=dryl is the hydrochlcridc of the same base, it was
obvious to expect that Benadryl would display very similar behavior. Chen

 and Ensor (1650) pointed out that 8-chlorotheophylline, unlike theophylline,
is not a pharmacological agent, as it produces no demonstrable effect cn
cardiac output, renal excretion and central nervous system. In their
experiments on dogs 20 mg. of 8-chlorotheophylline were ineffectiive and
displayed no apomorphine antagonism while 20 mg. of Benadryl and 20 mg.
of Dramamine showed equal anti-apomorphine potency. Schwab (1952) stated
that both Dramamine and Benadryl have almost identical effects after
absorption into the body and thus 50 mg. of Dramamine (due to weight ratio
of diphenhydramine hydrochloride and 8-chlorotheophylline) act like 37 mg.
of Benadryl. This author goes even further ascribing the popularity of
Dramamine over that of Benadryl to the tablet strength: Benadryl is supplied
only as 25 and 50 mg. tablets which at the ratiov given above would make the
25 mg. strength too weak and the 50 mg. strength too potent as compared
with the 50 mg. tablet strength of Dramamine. However, Gutner, Gould and
Batterman (1951) in their comparative experiments on the effect on vestibular
function of Dramamine 100 mg., Benadryl 50 mg., 8-chlorotheophylline 100
mg., aminopbylline 5C0 mg., Scopolamine 0.6 mg. and seconal sodium 100 mg.,
found that Dramamine indeed behaves differently from Benadryl. The tests
used as criteria were the gelvanic stimulation of the mastoid area, and the
microcaloric method involving the production of a nystagmus by 2 cc of
ice water and measurement of this reaction in terms of onset and duration.
Tested in 13 subjects Dramamine consistently depressed the vestibular
function: the time of onset was prolonged by 63% and the duration of the
nystagmis vas shortened by 50%. Similar results were seen with galvanic
stimulation. Benadryl, aminophylline, 8-chlorotheophylline and secobarbital
sodium produced no significant alterations. Scopolamine unexpectedly
proionged the duration of nystagmus in 4/5 subjects by 23%. Although of
interest, the interpretaticn of these findings is difficult as both Benadryl
and scopolamine are effective antiemetic agentis beyond any doubt.

Iv-10



A numver of additional studies have consistently confirmed the reliable
protection afforded by Benadryl. Chinn and Handford (1953) tested a number
of drugs aboard navy transports for their ability to protect against sea-
sickness. 50 mg. of Benadryl 3 times daily was found to display significant
protection along with various otlher drugs (Trimeton, Trimeton-scopolamine
mixture, Postafene .and Phenergan, etc.). However, 50 mg. of Dramamine 3
times daily gave o protection. Only slight side effects were reported
for 211 drugs under study .

The protective properties of Dramamine and Benadryl stimulated
considerable speculation for they suggested that antimotion sickness. efficacy
might be connected to sntihistamine potency. This hypothesis was soon dis-
proven by the demonstration that many powerful antihistamines failed to
protect from motion sickness. Other antihistamincs, however, have been
found to possess anti-motion sickness efficacy: the diethyl analogue of
PRenadryl, - (diethylaminoethylbenhydrylether), is among the compounds
displaying significant protectionAagainst seasickness in the study quoted
bvefore (Chinn and Handford). Trimeton maleate indicated promising
protection against airsickness. This was confirmed in more extensive
studies not only for airsickness, but for seasickness as well.

An important group of antihistamines introduced in the early fifties
includes several members of the piperazine series which display marked
anti-motion sickness efficacy. The most potent and the most widely used
of these at the present time is Bonamine'(meclisine)=which at a-dose of
50 mg. once daily protects against seasickness.

With more and more compounds added to the list of "entimotion sickness
remedies a joint Army-Navy-Air Force project for large scale screening
of preparations was undertaken (Handford, 1954), primarily to re-evaluate
Benadryi and scopolamine and to determine the comparative efficacy of
Bonamine. The object of the trial was to find the drug of choice and
to establish the optimum dosage schedule required to produce maximal
protection and minimal side effects. Under the conditions of the experi-
ment, 50 mg. of Benadryl given *.1i.d. and a single dose of 50 mg. of
Bonamine given at the time of sailing afforded significant protection at
less tnan the 0.01 level of probability*with few untoward side effects.
1 mg. of scopolamine b.i.d. provided no protection and produced a number
of unpleasant side effects. Chlorpromazine tested for the first time at
sea gave no significant protection. These experiments reconfirmed the
prolonged duration of action of a single 50 mg. dose of Bonamine which
had been reported in the previous study by Chinn (1953).

Three years later the Army, Navy, Air Force motion sickness team
published a new report (1956) on trials with 26 drugs in 16,920 soldiers
during 1> transatiantic crossings. Significant protecticn was affcrded
by the following drugs:
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20 mg. of Benamine once Or three +imes dgily
50.mg. of Marezine twice and three times daily
25 mg. of Phenergan twice and three times daily
50 mg. of Vibazine three times daily
100 mg. of Dramamine three times daily
1 mg. of Cogentin three times daily
50 mg. of Benadryl three times daily
50 mg. of Bandcstene +three times daily
50 mg. of Trimeton three times daily

Of the effective agents Bonamine, Marezine ana Phenergan were significantly
more effeciive than the other drugs. Not all drugs were equally effective

at sll times; sometimes there was no appreciable difference between placebo
and an otherwise effective drug (for instance Benadryl, Marezine) while other
compounds which were eventually proven to be ineffective gave oceasional
protection (pyridoxine, thiamine).

Compounds proven ineffective included hyoscine, scopolamine methobromide,
racemic calcium pantothenate, thiamine, pyridoxine, reserpine, and '
'Thorazine' among other phenothiazine derivatives. The failure of the latter
two to afford protection provides indirect evidence on the minor role of
psychic factors in seasickness. If fear, apprehension or anxiety were
conducive to the onset of motion sickness, these drugs could have been
expected to reduce the incidence of motion sickness. Except for drowsiness
observed after benztropine and promethazine, the effective agents produced
few side effects. In the ineffective groups the highest incidence of
drowsiness was seen with scopolamine hydrobromide and the Rauwolfia alkaloids.

The latest report on large scale testing of antimotion sickness drugs
in military personnel on transport ships was made by Trumbull and Chinn
(1960). This study was undertaken to serve a dual purpose: comparative
screening of new compounds and elucidation of the mechanism by which drugs
protect against motion sickness. Representatives of several pharmacological
categories were tested: (a) parasympatholytic-antiparkinson agents, like
atropine, phenglutarimide (Aturban) orphenadrine (Disipal);(Db) antihistamines
like cyclizine (Marezine), meclizine (Bonamine}, and the closely related
cinnarazine (Mitronal);(c) MAO inhibitors to elucidate whether or not motion
sickness was associated with accumulation of naturally occurring amines.
Tested on three different trips the drugs were given three times a day,
nine capsules altogether. On the first trip only Bonamine, 50 mg., and
phenglutarimide, 2.5 mg., were effective. On the second trip Bonamine 50
mg. was righly effective while Mitronal, 7.5 mg., providea some protection.
On the trird trip, Marezine, 50 mg., was highly effective and prevented
vomiting in all subjec’s. Atropine and rphenadrine showed some, although
not stati stically significant, activity. The MAO inhibitors tested behaved
like the 1lacebos, thus disproving the hypothesis that vomiting of motion
sislness may be a conseguence of biogenic amines. :
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The foregoing secticn has covered those pharmacologic agents which it
is felt could have a significant effect on augmenting man's performance while
undergoing the stresses of space flight and extraterrestrial exploration.
The areas of anxiety and depression, fatigue, acceleroprotective, thermo-
protective, metabolic reducing agents, and motion sickness preventatives
were discussed in detail. No unnecessary Stress should be placed on the
method of administration discussed, as it is foreseen that varied routes
may be available for these agents. The area of radiation protection has
intentionally been ignored becaus2 of the profuse quantity of material
availsble on this topic. The pharmacoradio-protective agents useful in man
space. probes have been covered in detail in the Armed Forces Technical
Report #AD2T7689, prepared by the School of Aviation, Madison, Brooks
Air Force Base, 1962, and for this reason they were omitted from consideration
in this report.

The ability to attain ‘a state of pharmacologic control over the
psycho-physiologic function of space pilots, is an intriguing concept and
is definitely worthy of active research efforts. Therefore, we would like
to recommend that a central ctore of informaticn on the pharmacologic
action of chemicals and other substcaces, which would be useful for the
control and modification of human physiology in space, be initiated. We
believe that a feasibility study on a modest scale would be well worthwhile.
Initially, it might well be fruitful fo consider techniques for the inte-
‘gration of the several large private ccllec¢tions that now exist in various
centers.

In the gathering of data on pharmacologic agents, we found a great
deal of resistance from the major drug houses to release any information.
In this connection also there is a concentrated effort by such institutions
to develop drugc which were function-specific against a known or suspected
psychophysiologic deviations. What is proposed, however, is a central
source of readily available information on all of the effects of such agents
and not just those produced for their therapeutic efficacy. This information
center would instantly be able to specify any agent or combination which
might attain a desired effect, in a research project which may not be in the
principal area of pharmacotherapeutics.
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V. SZnSORY DEPRIVATION

A. Hypodyneric Bffects of Long-Term Space Missions

It will be recalled that the me jor parpose of the present study is the
identification ani svaluation of the means by which maa caa De prepared to
cop2 successTully witnh The many 5TTE3SEs wnich affect nim during leng-
term space missions. The need for this study arises because man is basically
a oiological organism d25igned to operate within the paraneters defined by
the earth eavironmeant. Despite =2 remarkable degree of "over-dasign," there
are many 2reas in wnieh man's copabilities fall short of the reguiremeats
posed by sucn miszions. Coasequently, important segments of the preseat
effort are devoted to the analysis of those paysiological systems sucia as the
cardiovascular, pulmonary, ani endoarine which are of prineipal concern Jur-
ing such missions and to the investigation of the methods by whici their capa-
bilities can be axtended, their limitations circumveated.
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Recently, micnh attentioa has become focused on the fact that some of the
conditions waich may be presumed %o arise during long-term space excursions
are powerful psychological stressors (cf. Solomon e* al, 195T; Wheaton, 1959).
The evidence, which will be reviewed in detail below, shows that the economy
of man's psychological resources nas dzfinite limitations which cai be ex-
ceed=d by many seemingly innocuous fastors. This is an important problem
area since the effectiveness of man is a functioa of his psychological as well
as physiological integrity. Tne success of a missioa, and perhaps the life
of the individual astroasaut, will depead heavil - upoa the psychological well-
being of every crew member. The study of psycnological stressors aad the
means by which they caa be minimized or controlled therefore fall within the
meaning of the Cyborg coacepl.

A consideration of the psycrological aspects of long-term space flight
reveals a aumber of complex provclem areas (ef. Chambers, 1962). Many of
these have beeu studied in eartin-bound simulalors. The experience of crews
of sabmarines is also instructive in wany areas. A few of the anticipated
provlems may be meationed for illustrative purposes.

1. Disrurtioa of the normal 24 nour sleep-waking eycle is highly proba-
ble, aecessitating the study of optimua work-rest cycles (cf. Adams
% Cniles, 1960, 1961; Chiles % Adams, 1961).

n

. The weightless environment per se may have some deleterious effects
on peychomobtor performance, although the indications are that these
can be overcome to sigaificant degrees by proper training (see Loftus
% Hammer, 1951, for a review; Cnambers, 1962).

3. Work proficiency in a small sealed cabin can be maintained at rela-
tively high levels for extended pariods of time, e.g., 30 days, by
experienced pilcis. provided work-rest cycles and task parameters

re optimal; inexperienced sudjects tead to d=zteriorate at ower
stress levels (Hauty, 1959, 1260; Hauty & Payne, 1953; Hartman, 1961;
Hartmaz, McKenzie % Welch, 1962; McKenzie, Hariman & Welca, 1951).
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The specific problem to Dbe analyzed here is the reported developzent
0? such phenomena as perceptual disturbances, hallucinatiocas and other visual
imeges, or cognitive difficulties, as results of prolonged exposure to a
hypodynamic environment {ef. Heron, Bexton, Hebb, 1953; Bexton, Heron % Scott,
1954 ; Heron, Doane % Scout, 1956). Because more than the manipulaticn of
sensory stimili is .ianvolved, the term "hypodynamic™ is used here, instead of
"eengory deprivation,” "gercepiual isnlation," "isolation," aad the like,
wnich seem to have & more restricted meaning. The conditions in the lebcra-
tory and tose anticipated in an actual space capsule are similar in zaay

respects, as may be seen from a coasideration of Table V-1.

TABLE V-1

A COMPARISON OF THE FACTORS OPERATIVE IN

LABORATORY HYPODYNAMIC EYXPERIMENTS AND IN A HYPOTHETICAL SPACS CAPSULE

» fgg%g@lg __Laboranory'

1. Number of subJjects ne .
2. Coafinement volume Extremely limited
3. Motor activity Sxtremely limited

L., Social isolation
a. from other individuals Extreme
b. from society as a wnole Extreme
5. Intensity of sensory stimuii Greatly reduced
6. Patterning of sensory stimmli Greatly limited
T. Variety of sensory stimult Greatly reduced
8. Commmication:
a., intensiveness
0. extent
9. Typical exposure period

Extremely limited
“xtremely limited
Loveral days

Spage Capsule
Two Or more
Relatively large
Relatively un-
restricted

Minimas
Exteenme
Somewhat reduced
Jomewhat limited
Reducea -

Inlimited
Limited
Several. months

As this table shows, the differences seem to be a matter of degree. This
suggests that the occurrence ¢* hypodynamic efrects on a space mission is a
possibility. IF s0, the resulting behavior decremeats would constitute a
distinct threat to the success of the mission. However, even small differen-
ces in the environmeutal conditions may be significant and greatly modify the
varlety and severity of the hypodynamic effects. For example, 1t appears
+hat if relatively normal levels of perceptual activity are allowed, behave
joral deterioration is minimal, even though the other factors are relatively
severe (cf. Freedman, Grunebaum % Greenblatt, 1961; Wheaton, 1959). In an
actual multiple-member space craft, therefore, the effects observed in the
laboratory may appear to heve a low probability of occurrence (Freedman %
Greerblatt, 1959; Flinn, 1961; Hagen, 1961; Imus, 1961). However, the crew
of a space capsule will encounter a number of stressors wilch do not appear
in a laooratory situation (cf. Walters & Henning, 1961; Banghart & Pattishall,
1960). Among these are (1) the element of real personal danger, and (2) the
effects of prolonged exposure o (a) sub- or zero-gravitational effects, (b)
various types of radiation, (c) an artificial atmosphere, (@) intensive

-

"small group” interactioas, {e) « novel form of isolation from huren soziety,
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can possible act synerg: e

to prodice detrimental e o on behavior, if not on 1h-4ay fligats, perheps
on 24-month missions. Taese considerations point to the need for a thorcugh
re-examination ol tne affects of exposure to hypodynanic conditions Lo urd=r-
stand the nature of the effects, the major coentributory factors, aad the meaas
hy which such effects can be preveanted or minimized. Tnis latter aspect is
particularly relevant for tue ccaception of survival tecanigies to e insti
tuted in the event of partisl saission failures, suck as loss of commnica-

+icns coatact.

stically with the hypodynamic eavironmental factors
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B. Psyctological Responses 5o Znvironmental Stress

e .

The experiences of shipwreck survivors (e.g., Gibsoa, 1953); solitary
sailors (e.g., Slocuam, 1900), and people isolated under polar conditions

(e.g., Byrd, 1730; RiCtéf,'leO)vdemonshnatevthe zevere psycnological dis- s

turbances, including perceptual aocerratioas, affective changes, hallucina-
tions, aad cegnitive defects, weich result Irom prolonged =xposure ¢ 3ucn
environmental conditions. Tt is not profitable tc azalyze these accouants in
detail as they differ so greatly in objectivity, in the vehavioral criteria
used, and in other importaat respects. However, certain. generalizations can
be made. The enviromment in which these people find themselves is moao boncas.
Hour after hour, day after day, +here is a sameness, a great reductica in the
patterning and variety of sensory stimuli aad activity. This produces a
boredom of pathological dimensions. The effects of social isola®tion aad lack
of comminication are usually severe, since the victims feel that they are
lost. Other powerful stressors, such as danger, privation, injury and expo-
sure, appsar to zct synergistically to producs the remarkable behavioral
daterioration dsscribed.

Further evidence that prolonged exposure to environmental stressors of
the type listed in Table V-1 can prodice psychclogical aberrations is found
in the exparience of poliomyelitis patients wno developed visual and auditory
hallucinations after being placed in tank-type respirators. That the phenom-
enon is indencndent of the effects Jf disease is demonstrated by the fact
that ncrmal subJjects, after several hours in the respirators, deve.oped simi-
lar abnormalities (Mendelson & Foley, 1956). Tnese unfortunate patients had
ne choice but to lie immobile in the respirator, with nothing to do but listen
to the monotonous sound of the bellows, and 1ittle to loox at except the ceil-
ing. Some develop=d nallucinations within two hours after being placed in
the respirator.

Tt is commonly recognized that monotony is basically the absence of in-
teresting stimlation. This is evident even in the derivation of the term.
7t is therefore to be expsched that stimlation reduction resulting from the
loss of aa important source of sensory input, such as vision or nearing,
would produce similar efrects. Tnis infereace is substantiated by the reports
in the caiinical literature of cases of "psychotic" behavioral manifestations
following the loss of vision or audition (Bartlett. 1951; Greenwood, 1925;
Knapp, 104%3: cf. Hebb, Healh & Stuart, 1954%; and Doane, Mahatoo, Heron %
Scost, 1959, p. 214).




The olinical and agecdotal 2 by themselves 10 105 coastitute
sufficient reason to study the puenomena in the context of the space pro-
gram. Such experiencss are bazed o2 an unselected populasion, who are naive
in the ways of functioning under stressful or unusual conditicns, and often
subjected to Jebilitating coaditions. Of more crucial significance are data

"yreak-off" pirenomendn (Clarx & Sraytiel, 1957;

suen as ohe ocgurcence of thre
reported by Jjet pilots as an illusion of

Ross, 1959; Simoas, 1959, 18452), 7
ing detached from She eartn and huamaz society. These

pilots are aighly gaalified, w2ll motivated individuals, expariencing uone

of the discomfort and frustrations found in 1life voats, igloos, tank respira-
tors, or in yallooa gondolas (Ross, 1959; Simons, 1L959) or sirulatoers

(Beckman, Covur:, Cramvers, DeForest, Augerson % .Bensoa, 190l; Benson, Beckman,
Coburn & Chambers, 1961; Cnanibers & Jelson, 1961; Graveline, Balke, McKenzie %
Hartman, 1961; Hauty, 1939; Miscnel. 1952). Nevertheless, in one survey, L5
out of 137 pilots reported such perceptual and cognitive aderrations (Clarx

% Grayviel. 195T). Characteristically, break-off occurs in individuals fly-

ing roatine missions alone or wnen direct contact with other crewimen is mini- )
mal, and at high altitades. Under these coaditions, the flyer's visual en- )
vircnment coasists of the featureless sky, tie essentially static display of

the instraments and coatrols, and the indistinct and relatively stationary

pattern of objects below. Auditory stimii coasist principally of the stealdy,
uncheaging rush of alr, and his movements and internal stimuli are drasticzlly
1imited by his form-fitting cocxpit. nder suen hypodynamic conditioas, breax--
off sometimes ocscurs in as little as two hours. Breax-off is abolished by
ircreases in meaningful stimuilatioa produced by activities such ag returning
to. lower altitudes, Jjoining another aircraft, or oy voluntary effort to en-

gage in some activity or problem.

5 PupE— o, ¥ ; = -
heinz totally separnied and

Finally, it is important to realize that hallucinatioas and other aver-
rations can be induced in a ao~mel environment when the subject 1s committed
for a prolonged period to a rigid and extremely confining structure of stimuli.
In experiments by Kauty (1959; Hauty & Payne, 1959) the subject was required
to monitor complex displays for 30 coasecutive hours wirile confined in a one-
man space cabin similator. Except for short and infreguent periods for Junchy,
relief, and exercise, tne subjects remained at the task and were not permitted
to sleep. Many complex, visual aad propricceptive hallucinabions were dascri-
bed, suca as the illusion that the meters were turning into faces, that deep
holes were opening up in the flcor, and feelings o¢ Tloating in the air

(Hausy, 1960).

1. Basic Methodology

As is well known, the initial studies on sensory deprivatioa were con-
Jacted in 1951 at McCiil University under the direction of Prof. D. 0. Hebb.
The rasearcn design typical of this group comes under the category of reduc-
tion of patterned stimali. Under the original techingie, the subjects (ss)
were confined for several days, speading thelr time on comfortable teds 1in
air-conditioned cubicles wihiich were nearly soundproof and dimly 1it. The
Ss wore trarslucent goggles wiicn permitted waximal diffusion of light. Their
hands were covered with neavy cotton gloves witn cardooard "cuffs" teing fit-
ted from just below the elbow to tre upper part of the haand. Cottoa balls or
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molded ear plugs were inserted in the auditory canal so as to minimize any
auditory stimulus inpat. Thus visual, auditory, and tactual stimilation were
reduced to a very minimal level. Tne Ss were usually pern”tted some mobility
since they could sit up wnen eating and taxe care of personal needs in an
aijoining room. They were encourazed to communicate thelr thought processes
which the experimenters monitored by aa intercom system.

A seccnd method, developed by Lilly (1956), had the subject saspended
in a *ank of water at body temperature with a pressurized black head mask.
This condition rediced the imtensity of physical stimli impinging apon the
subject, as well as the patterning. Under these conditions, hallucinations
and other effects occurr=d in a shorter time, aboat three hours.

An analycis of the researca conducted and results obtained atilizing these

tecnnigues will now be discussed.

a. Reduced 3timuus Patterning

Oge of the more extensive studies by the original MeGill group was car-
ried out by Bexton et al (1954). The purpose was to study the effects of a
hypodynamic enviroameat upon intellectual funstion during and following the
isolation period, and to study the developsent of hallucinatory activity. A
second phase dsal* with isolation effects upon visual perception, tactual-
form diserimination and spatial orieatation.

Twenty-nine male college students were selected for the project and con-
stituted the experimental group while twenty-seven others comprised the con-
trol group. They were asked to rerain in this situation as long as possible
(48-72 nours) but could terminate the experiment whenever they wished since
it was assumed that some individuals would not tolerate the isolated condi-
tions for that length of time.

The cubicles were air conditioned, semi-soandproof, and illuminated by
a smail bulb. An observation window was strategically placed =nabling the
experimenter to view and periodically record the subject's physical movements
in kind and degree. The Ss lay prone on & cot, and were required to wear
translucent goggles which admitted diffuse light, but prevented pattern vision.
Tney also were required to wear heavy cotton gloves and cardooard "cuffs"
whieh covered their forearm extending to a short distance beyond the fingers,
thus minimizing tactual stimulation. A steady hum emanating from the air-
ronditioner motor served as a masking noise, and the walls of the cubicle
prevented any discernible patterned form of auditory perception. They were
permitted some mobility since they had to wulk to an adjacent room for their
toilet needs. In addition, they sat up on the cot to eat thus necessitating
the temporary removal of the gloves and cuffs under both circumstances. An
intercom. between the experimenter's position zad the cubicle permitited com-
mmication between the two individuals. It also served as a means of obtain-
ing spontaneous verbalizations and "on the spot" reports of any aberrant
perceptual reactions from the sudject.
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Ié‘gllect" 3 f"*ctloaa were tezted vefore, diaring and after confinemext.

The tezt given daring conflinement consisted of two parts. Tne Tirst part in-
cluded five types of mental problems taxen from a namber 07 intelligence tests.
These were malt -plication, arithmetic "catea" prublena, coapletion of nuaher
ceries, word meking and anagrams. The seccad part coasisted of the associa~

=1
tive 1; rning and digit span tests taken Ifrom h Wecnsler memory section. Aa
analogies. test waz also includad. Finally the S's susceptibility to propa-
gaanda, as affected by the sensory d.leyatlan exner*ence was measured. These
tests were givea orally, requiring the o to dPthﬂ an answer solely by meaas
of memtal computa*lon without the benefit of pericil and paper., The tests given
pefore and after coafinement were standard tests and alternate forms were
employed. The tests were administered to both experimental and = ntrol groups
at the same time intervals, with the control group coming to the laboratory
a*t a scheduled time for %testing urder normal. coanditions.

The recorded propaganda text discussed arguments for and against the
validity of various forms of physzical phenomena, e.g. telepathy, clairvoyance,
and ghosts. The Oo were given a gaestiommairs which measured attitudes ,. em-
ploying a Bogardus typu seale divided into sections corcesponding o each
topic of the psychical phenomena. In addition, the scale was so constructed
that the S's interest level could be evaluated as well as how important he
felt the topic was to hir persorally. o

The results of the tests given during coafinement demonstrated impair-
ment oa test irn the seriss. A comparison of the error scores and the number
of requests to repeat the provlem indicates that during isolation, the experi-
mental group was definitely inferior to the conirol. However, significant
difference~ were only on word making and aumber series. In tke second part
there were n~ . ‘ynificant differences between the two groups on the digif span
and analcgies vest. 0a the whole, thersfore, there wus a onsistently inferior
perto.-aance on the part o the experimeatal group compared %o the control group
for perfor.i.ce tasks on the test battery.

The teat vesults of the two groups oa the post-confinement battery de-
monstraszed 3igiificantly inferior performance on the part of the experimental
group in the Kcas 3Blocks, Diglt S;mpol, Thurstone-Gottscaaldt Figure, Copy
Pacsage, Delta Blocks, and Pizture Anomaly. There was 2o significant d4if-
ference in the casa of mirror tracing. Tne guestionnaire measuring the ef-
fectiveness of propaganda showed that the experimental group was significantly
more susceptible than the control group.

Hallucinatory experience was defined as a spontaneous 'perception with-
out object." Three aubjo.c s experienced hallucinations. The remaining Ss
reported some fora of visual imagery, from simple {dots, lines) to Lomp&=x
(actual scenes), which uOdld be subjected to examination. An attempt was made
to determine whether or not diffuse light induced hallucinatory effects.
Opagie goggles were placed on three Ss who nad been in isolation for several
days and were reporting that per51sten+ hallucinations temporarily became
more vwivid; approximately two nours later, the effects had disappeesred in the
case o2 two subjects and dimiaished considerably Tor the third.
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Tre zecond phase Ol of prolongzd
isolation apon visual percepiion, tactual-fora discrimination and spatial
orientation. The exparimental conditions were similar to the first pnase
previouzly dezorived. Twelve Ss were employed as the expsrimental group
whereas twenty others corprised the coatrol group. The duration 0?2 iszola-
tion was ninety-six hours. A battery of perceptual tests was given on the
day prior to the actual isolation period. FEG records were taken prior o
the confinement amd taken +ice dalily during confinement on a pre-determined

£ tre exporiment was +o study tne effec!

4

a

time schedulz, as well as wnen. the 5 was having hallucinatory experiences or
wien he was conversing. Tests on tactual form discrimination and spabial
orientation wera given prior to entering %the cubicle as well as ab the forty-
eight and seventy-two hour points during isolation.

The Ss all reported visual disturbances upon removing the goggles with
most effects disappearing within several minutes. In a few cases the effects

persisted for several hours. The distrubances were described as follows:

(a) Movement of objects, lines, room walls, eic. contracting and expand-
ing in rhytnmic seguaences.

(b) Ovjects changing size and shaps.
(¢) Surfaces shimmering, undalating, swirliag, warping and curving.

(d) Swelling of lines or plane surfaces. When asked to touch the point
of fTixation, the S usually was short or overshot the mark.

(¢) Downward curving of the ends of norizontal lines if viewed above &
horizontal plane.

(f) Parallel lines seem to oe displaced near the fixatioa peint, produc-
ing a barrel shaped figure.

(g) Movement of £'s nead position was followed by a corresponding
movement of the objects in his visual field.

(h) Marked positive and negative after-images.
(i) Increments in color inteasity, saturation, and color coatrasts.

Tt was emphasized that these efrecks were ovserved both monocularly and Sin-
ocularly.

The effect of isolation on tactual perception was demonstrated by means
of a tambour system attached to the cot. Although the movements were sporadic, -
there was a progressive increase in movement, indicating a general state of
increased restlessaess. - The data oa motor movement gives soze  indicatioa of
the sleep-waking cycle. It was found that Sg slept less during the final
phase of tne project than during the initial phase.

3 g




Doane et al (1959), also in the McGill group, employed essentially the
same method in a further investigation of the percaptual effects of prolonged
isolation. Tune desisn included an additional experimental group which, al-
though restricted visually, were ambulatory, thus differing in the degree of
deprivation experience. There were foarteen Ss in the severely deprived group,
four Ss in the ambulatory group, and twenty in the control group. Visual,
somesthetic and spatiél tests were administered. The visual tests were given
at pre- and post-isolation periods. The somesthetic and spatial tests were
administered the 4Sth and T2ad hour of dep-ivation {thus altering, to some
degree, the isolation enviroament). The tests were administered to all Ss
prior to actually entering tne cubicle to initiate She experiment for a seveaty-
two hour perlod. However, of the control group, oaly thirteea were tested
for visual perception with the remaining controls being tested for spatio~
somesthetic perceptual processes.

The method of dsprivation was similar to tne original McGill study. It
should be ndted tnat for eatimg and toilet purposes, 1t was necessary to move
from oue location to another.. But the visual deprivation policy requiring
the Ss to wear goggles, either translucent or opague, depending on the econ-
dition, was adhered to at all times. Two cubicle Ss replaced the opaque masks
and translucent goggles one hour prior to the termiaation of the expsriment
in order to determine and test for the effects of darkness on hallucinatory
activity. The remaining Ss wore translucent goggles throughout the entire
experimental period, as Jdid the ambulatory Ss. As for the spatio-somesthetic
" tests, sixteen §§, eight from the maximally d=prived group and eight from the
coatrols, were tested prior to eantry of the experimental group into the cu-
bicle, and at forty-eight and seveaty-two hours respectively daring actual
confinement. Immediately following the confinement, the Ss were told to re-
port on their visual perceptions. The quantitative visual tests of perceptlon
were then administersd agaian. The results may e sumnarized as follows:

L

(a) There was no apparent effect on critical flicker frequency.

(b) There was an increment of Tigural after-effects as measured by the
Konler & Wallach test which measures the degree of displacement
of two test figures.

(¢) Size coastancy was decreased as shown by the fact that the experi-
mental Ss consistently selected larger discs when told to choose a

disc which was the same size as the test disc.

(d) Tests for visual aculty showed a trend towards 2 significant impro-
vement on the part of the experimental Ss.

(e) There wus no apparent difference in brightness constaacy.

(£) There was no change in the phinamenon.
(¢) Tre autokinetic effect was increased for the experimental group.

(n) Color adaptation increased ir favor of ihe experizental group.
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(i) Shape constancy indicaled a trend towards decrement as tested by
selecting the triangle most closely approximating a tilting tri-
angle of specific shaps.

1Y  There was no change in reversal frequency of the Necker cube effect.
J

(k} The movement of after~images increased for the experimental group.

All of the coafined Ss and three of the four ambulatory Ss reported
gross visual disturbances which disappeared within ome-half hour. These dis-
turbances were classified as follows:

(a) Spontaneous movemant - undulating, shimmering, drifting, contraction
or aexpaasion of lines»and/or objects.

(b) Induced movement - a change of obJject position with head and/or eye
movements.

(¢) Surface distortions - plane surfaces ‘manifested a concave-convex
sequential alteration.

(d) Linear distorbtions - whea a point between two parallel lines is
fixated, the lines seem to curve away from the fixation point. If
the fixation point was above the line, the cends seemed to curve up-
ward whereas if the point was velow the line, the ends of-the lines
seemed to point downward.

In sddition, exaggerated coutrast, color saturation and Juminosity, and
enhancement or diminished depth perception were reported. Tnese effects were
observed under both monocular and binocular-visual conditions, but most mark-
edly under the latter.

As for the factors affecting hallucinatory experiences, it was noted
that under diffuse conditions, nearly all Ss experienced vivid hallucina-
tions . Of the two Ss who wore Opague gosgles, only one experienced an
hallucination during confinement. Upon exchanging the opajue with translu-
cent goggles during the last hour of confinement, both Ss experienced hallu-
cinations, the previously hallucinating S-experiencing Them even more vividly.

Another wmethod of testing for perceptual disturbances was to place the
Ss who experienced tne most hallucinations with the translucent goggles in
complete darkness. They reported a sudden brief incresse in the vividness
of hallucinatory experiences, followed by a decrease.

Upon reentry iato a normal light enviroament with translucent goggles,
there was an immediste resumption of-perceptual disturbances to the original
level of intensity. Two of the four ambulatory 5s with traaslucent goggles
experienced vivid hallucinations. One of these occurred while the S was
being walked to the restroom. -

e e MBI i b £ ot
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5 mey 08 SummAriZea as followss

(a) Unpatterned visual stimilation seems to increase the probability
of hallucinatory activity. However, wpatterned stimili is not an
absolute prerequisite.

(v) Since the perceptual disturbances were more severe in restricted Ss
than in the ambulabory Ss i% can be inferred that tre funchional

-

I = ~ oy - o B - ~ gt E 1
disturbance is enhanced JY restrictica.

In order to determine She effects of isolation upon somesthesis, a tactual-
form discrimination test and the standard two-point limen diserimination test '
were used. The results on the former demonstrated a significant decrement in
the ability to discriminate geometric forms. The deterioratioa was related
to the time spent in izolation. There was 2lso a significant improvement in
two-point limen discrimination.

Oa the spatial orientation Lests, both paper and pencil and walking, it
was observed that although the exparimental group -did not differ from the
control Ss in distance estimation, they were inferior in terms of angle and
direction orientation. In the "yalking" test, the experimental group showed
extreme coafusion, many having difficulty in returning to the starting point.
None of the disorientatlons were manifest in the coatrol group.

These results demonstrate the great variety of perceptual disturbance
generated Dy exposure to a hypodynamic environment. As for a tentative ex-—
planation of this phenomenon, Dcane et al (1959) state that no complete satis-
factory explanation is possible, but they suggest that nyper-ex:itapility of
the central nervous system should ve considered. As a result of sensory de-
privation, the "gisused" systems become nypersensitized. Also, the random
behavior of neural elements may conflict with the pcroper and stabilized organi-
zation of these elements to effect a normal perceptual process.

The two studies reported exemplify the type of researcn methodology in
sensory deprivation conducted under Prof. Hebb's direction at McGill Univer-
sity. As previously stated, the basic essentials consist of a dimly 1i%,
moderately_large soundproof cubicla. The subjects wore translucent goggles
to provide a uniform diffuse visual field, aand arm-nand coverings to 1imit
tactual stimidation. It was necessary for the Ss to sit up %o eat, and to
move to and from the bathroom, thus peruwittiag some degree of mobility. The
studies conducted Dy the Princeton group under the direction of Vernon et al
(1958) were intendsd to be an extension, and not necessarily a replication,
of the McGill studies. The difference lies in the modificatioa of the phaysical
aspects of isolation procedure, namely, that the cubicle was a floating, sound-
deadesned, ccmpletely darkened. space whosa size was smaller tran that used in
the McGill studies.

Six studi=s wWere performed to ascertain the variablss accounting for the
hypodynumic effects by manipulating variables in a pariticular ordsr or compbina-
tion to elicit maximal hypodymamic responses. Tne first employed four Ss under
conditions of minimal deprivation for a period of 42 hours. Despite their




SCR 150

being confined To an izolated =ubicle, thev nad zome zocial comtact since
their scheduled meals ware btrought in to them, and in order to use therest
room it was necessary that they Ye led there by one of the experimenters.
Additional interruptions included the administration of learning tests. A
15 watt bulb was 1it during testing, and also during the time the S ate his
meal. Tne results indicated no percepsual or cognitive distortions based
upon the verbal reports glven by the Ss.

The second study, which employed eleven S5, differed from the first in
several ways. Food was stored in the cubicle waich the S could eat ad 1ibitum,
but in darkness. However, toilet needs still necessitased the S's being led
to a separate rooum. 0f the eleven Ss, nine completed the experiment with
five reporting at least two nallucinations aad one subject reporting four.

The reported hallucinatory experiences were categorized as follows:

Type 1 Flashing, flickering, dim Zlowing ligats which had no form
appearing in the peripreral visual field.

Type IT  Simple forms of definite shape, located in the central visual
area.

Type III Complex scenes depicting some movement, aad resembling an
actual visual experience.

No type IIT hallucinations were reported, whereas five type IT and nine
type I were experienced.

Since the decrease in sensory input from the first to %he second shudy
Zare reason to delieve that the severity of the confinement conditioas was a
critleal factor in the production of the effects, further restrictions on
sensory stimalation were maie in the third study, which was to las®t for a
period of ninety-six hours.

As in the second study, the cubicle was sound-deadened and completely
darkened. Movement and social contact were further limited by moving the
toilet facilities to 2 room adjacent to the cubicle. As stated previousiy,
under no circumstaances were the subjects permitted to maXe aay sound whatso-
ever. The results indicated that of the nine Ss coafined for four days, only
one hallucinaied. These subjects were coafined i1 absolute darkaess. In the
p..vious study, the subjects were exposed to light l2aks while belng walked
to the toilst. It was tentatively concluded that these brief exposures to
light coatributed to the higher incidence of hallucinatory activity reported
in that study. In the fourth study, therefore, the influeace of unpatterned
visual stimilation was investigated. Ten Ss were isolated for a period of
forty hours under iiffuse, homogenous,. unpatterned visual conditions, this
being achieved by meaans of halved ping-pong balls placed over the eyes. Ttrie:
light was attached to a mask-like device so that Head m6vements would aot
result in differences in intensity, a3 would result with a fixed light in the
ceiling of tre cibicle. However, this did not remove the intensity changes
resulting from closing and opening the eyes. The food was prepared in tottles,
and the S could eat ad libictum. The Ss were informed about the probability




0T percepsual distortions ai the metrod of ranking them. Two
type IIL hallucinatlons, but for only a Zew seconds.

experienced

1

Since this study did not yield the expected raesualts, a fifth experiment
was conducted to examine another stimulus variaple, sound. A diffuse light
was provided. A sound of constant intensifty was presented by means of a hear-~
ing aidi. WNone of the eleven 9s who remained in the experimental situation
for the regaired period of fd?Ey-eight,hours hallucinated. However, some re-
ported that the bluish green color of the walls sometimes appeared to be a
dark gray, but the blue-green shade was immediately restored following each
eyeblink.

Finally, a sixth study was conducted to evaluate further the influence
0f light leaks since it was found that the most freguent hallucinations were
reported during the second study, i.e., with the faalty blindfolls which per-
mitted the light leaxs. It was thougnt previously that tae nou-patterning of
the stimlus was all-important, dut the varishle examined here was the effect
of the discontinuous nature of the stimilus. Thus a panel was strabeglcally
placed in the room 30 that brief flashes of light could be ovserved by the 3
who wore a translucent mask. The headooard of the ved was 1it up for wwo one-
second periods during the eight-nour period. No 3 reported any hallucinatory
effects.

Vernon's studies seem to indicate that there i3 no one single combination
of stimilus conditions waich invariably produces hallucinations. The low inci-
dence of hallucinations and other effects, as compared to the findings of the
McGill group, is puzzling. In an adiitional study, Vernon and MeGill (1960)
provided the S with a small view-box on one wall. Wnen a button wus depressad,
a dim light 1it two figures, a-square and a triangle. A,comparison,betﬁeen
those who paaicked following tuirty-six hours of isolation agzainst those who
remained for the eaSire duration of the project (72 nours), revealad thas

tne panic group pressed the button siganificantly more often than 4id the otaer
grour. This may indicate a greater need for siimidacsion in the paanic group

as compared with the non-panic group.

b. Reduced S+imulas Intensity and Patterning

Lilly (1956) developed a technigue %o reduce maximally the absolute in-
tensity of physical stimuli. The S was suspended in a ‘tank of slowly flow-
ing water heated to body temperature. The S's head, held above water, was
enclosed by a hood. The water temperature T950-97° F) gave no differential
sensation of warmth or cold; tactually, the subject was aware only of the
mask and underwater buoyaacy Supporis. The only sounds were respiratory and
Ter wovement. :

The most profound feature of employing this technigue concerns the rapid-
ity with which the deteriorations occurred. The McGill type studies often
requaired from many hours to several days to obtain the hypothesized maximal
effects of deterioracion. Lilly's report on the development of the effects
may be summarized 3s follows:
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1. TFor the first farty-five mizutes, onz is 35311 aware of his surround-
ings and recent events.

2, One then becomes relaxed and shows more interest ia the prajsct acd 'é

hand and the feeling that having nothing to do in addition to baing
alone seems to be very restiul.

«

3. By the aext hour, however, changes begin to occur. A "stimilus-
nunger" dsvelops in walch sdbtle means of self-stimilation are pur-
sued. These tend —o abate the underlying tensions coasideraoly as
twitching muscles and slight puysical movements against the water
give some tactual sensation. Attempis are made b0 seek out methods
of deriving satisfaction for the episode and it was found that pro- -i«
longed inhibition of the movements tends to generate very pleasureful '
responses when later movements are made.

L. TIf this inhibitory period is resorted to for aa extraordinarily long
period of time, the subject in some instances may refuse to leave
the tank, in which case it is necessary to force his removal.

5. Attention can become conceaSrated-on the immediate stimulus objects,
e.g., the mask, the suspeasion, or various parts of the body. One
small aspect of these stimull may become the total content of the
coasciousness of the individual, and may become unbearable.

6. If one has tolarated the situation up to this point, the next stage
is -a sraasition from concern with external stimuli and prodlams *o
reveries and fantasies wiaich are highly personal. These may task
the emotional stability of the S and may vary from complete suppres—
sion to euphoria.

7. 1In the subsequent stage the S tegins to experience yvisual imagery.
The wask, for example, may serve as a curtaln for an extended stage
beyond which one may "see" a dark, eapty void before nim. More
intense coacentration reveals small straangely shaped object§ with
"self-luminous™ vorders. Following immersion bhere was a Time dis-
orientation, the subject feeling as if he had just awakened. Another
after-effect, primarily somesthetic, was the feeling of uncomfortable
pressure on the body by the bed on the night of the day that the 3
was exposed to immersion. -

These after-effects in some instances endured for several hours. A study
employing Lilly's technique of water immersion was performed by Shurley (1°7°0).
Emphasis was placed on selecting Ss from a wide range of disciplines, from
accountants to psychcaaalysts. Both "normal" and "aonormal" subjects were
included. Personal information was collected on each S and later selzction

was made on basis of ability to convey precisely dccurdte and detailed des- ) i

criptive information to the experimenter. The experimental environment was
carefully controllzd, thus achieviag a very minimal amount of light, sound,
vibration, odor and taste sensations. The flowing water was held within a

~

very narrow range of temperature variation with the 5 supported by a neck
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ring of extrezely light plastic material for purposss of buoyancy. Inspired
air was xepht at a constant temperaliure as was humidity. Consideradle effort
was allotted to determine means 0° alleviating nearly all forms oY pain and/
or discomfoxrt.

The Ss were thoroughly familiarized with each step in the scheduled series
of events which constituted the framework of the project. However, the pur-
pose of the project Was never divilged. The Sg were assured that all informa- -
tion would be complebely confidential, The subjects were told to be as com-
plately uninhibited as possitle in reporting their experiences. The Ss were
also assured that they could terminate the project at any time.

. The results indicate that free and spontaneous reporting under coptinu-
ous immersion was warkedly impeovad in that the detail was more conelse,
richer, and meore aaianibited in terms of thoughts, imagery, and related devi-
ations from the "norm". By comparison, the retrospective accoun®, in most
instances, differed considerably in that defense mechanisms seemed to be em-
ployed in terms of miltipls repression sliace the post-immersion reports were
not similar in qualiby and quantity to the reports given while under immers-
jon. Ss having had analytic experience as compared to professional individ-
uals who also participated in the 3sanme project were lass repressive and illu-
sive in their retrospective reports. The analysts gave more details which
were gimilar 5o the reports given during immersion. In-analytic terminolagy,
the ability of the Ss to differentiate and describe accounts of a more primi-
tive nature, i.e., primary procsises, is usually wore often reprassed by in-
dividaals with well-dzaveloped defense mechanisms.

Difficulties were encountered in the evaluasion of the reports. For
exampl=, one S reported that he wus "using his left leg as 2 spoon o stir
‘& cup of tea." He was also aware that his left leg was turning. Whether
+his is an aatecedent to or consequelce of the image is not sle2ar. Another
S stated she "saw" in the darkaness, "a field of golden toadstools with the
sunlight brightly reflecting from one of tne stems." The latter seems to e
a visual hallucinatory experience in what is a normal tri-dimensional "Ppicture,"
whereas the former is indefinite in terms of real and image-like experiences
of movenent.

2. Other Studies

Cohen et al (1959) compared tne eftects of diffuse visual stimilation
and absolute darkness in a study employiag both normal and psychotic 3s, four
of each for a total of eight under the same basic conditions as those ia the
McGill studies. It +as expected that the diffuse group would experience greater
effects than the opague group. In the attempt to facilitate the onsat of
hallucinatory behavior, suggestion was given as a supplemensary variable. The
Ss were confined for only a few nours. The four normal Ss exnibited in-
creased sensitivity to the stimuli within the roon and a few simple halluci-
patory scenes, whereas the psychotics manifested the typical vivid clinical
hallucinations. The translucent goggles seemed to facilitate the omset of
nallucisatory activity. However, the amount of visual sensitivity had no




“eariag or Lendency to geaerate detericrative effects oa olher sense modali
tisg. In terms of cozgnitive prccesses, productlve thinking, as measured 2y
the word assoziation test responses, did not falter under the siresses of
the experimencal situasion. With reszpeect %o emotional factors, tie normal
subjects 25 well as the sole neurotic experienced heightened aaxiety effects
wereas she psychoties had l=zact n gasive and most positive efrects. The

Harris (1959) +thab schizopurenics found

Al ~
as. Clie.

1laster corroborates the findings o
the isolatlon experiencs & conm

Freedman & Greenblatt (1959} aitenpied T answer two generel questions:

1. Wnat 1s the relationship beitweea perceptusl iistortions and halluci-
nasions and otaer cognitive effects in a ssansory deprivation study?

2. Wnat is the rasualt of varying the rature of the visual input and
what does it do to these effects?

A number of college students volunteered to participate in the project
and were thoroughly screeaed oy the personnel office, the screeaing process
consisting of psychiatric interview 2nd aatoulograpny. In order to minimize
design contamination, the students we:e andergraduate students at the same
uaiversity, upper third of their class, and noa-psycnology students. An ad-
ditional precaution was to discard tnose who nad previously participated in
any kind of psychological experiment. Of a large cumber of candidates,
twenty-seven males snd three Iemales were selected. The Ss were divided in-
to three groups: -

)

1. A noa-pabtterred cr diffuse 1ight group.
2. A completely deprived group provided with opajue glasses.
3. .. ontrol group which was isolated, but with no sensory restrictions.

Groups 1 and 2 also hal non-patteraned auditory stimili, and the project
lasted for eight hours. Psychiatric and psycinological tests were administered
before and after the session. GSR and EKG were recorded intermittently and
a one-way screen permitted observations to be mads. Tae Ss were instructed
to report any feslings aad s=sunsations, images and ireams.  Following entry
into the isolabtion cihamber, communication cezsed between 8s and sxperimenter.
All verbalizations and/or sounds were recorded on tape. As in the McGill and
Vernon studies, the Ss were placed in cubicles containing a cot with stored
food, water, aad toilet facilities readily available in an adjacent rcom.
Taey all wore heavy cotton gloves and cardboard cuffs aad earpnones whizi
carried white noise continuously, although the subjects reported they could
hear doors slam, plaies overhead, etc. The only difference between this
group and one to be mentioned next was the fact that one group wore traas-
lucent goggles in a lighted roum whereas the visually- deprived (“blackout™)
group Wwore opaque gZoggles under darkened conditions. The control group was
merely isolated, with visual, =2uditory, tactual, arnd Kinesthetic sensations
being unimpared.

"

.
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A pre-post test sequence was employed as follows:

a. Bender-Gestalt Motar

b. Visual perception»(size, shape, optic illusions, and simple forms)
c. Depth perception (Howard-Dohlman apparatus)

d. Visual-Motor coordinatvion (pgrsuit rotor)

e. Perceptual Lag

These tests were repeated as long es effects persisted following emergence
from the cubicle The results oa the tests are as follows:

a. Bender-Gestalt - All three groups demonstrated. improvement; the con-

trol group performing significantly better than the "blackout" group.

b. Pursult rotor - The diffuse and coatrol groups demonstrated some
improvement, the deprived group uov performing as well.

¢. Size coastancy - No differences were significant. Tne Aiffuse des-
monstrated a trend in the way of larger lines and circles whereas
the "blackout" and controls selected smaller objects.

d. Milller-Lyer - No significant differences.
e. Depth perception - No significant differences.

f. Reversible figures - The diffuse light group showed significantly
more alternations on the face-vase figure. However, with reversible
blocks this group showed fewer reversals.

g. Simle forms - Coasiderable distortions ol all types were reported.
For example, a triangle often appeared wavy and beat, and manifested
a coatracting-expanding effect with some segments appearing darker
than others. The figures moved in various directions, but they had
no set pattern of "movement" with the-exception of arrow heads which
"noved" from left to right. Persistence of the effects was up to
five minutes. Tne diffuse group reported significantly-more than
the blackout or control groups.

Tpe authors suggest the following mechanism to sccount for the distor-~

tions:

"

. . . the brain is more than a glorified computor passively accepting
and analyzing external inputs . . . the fact that changes occur with
both diffuse and blackout conditions indicates that it is the &absence

_of order or meaning more than the rspecific nature of the stimilus field

that tends to aegrade perceptual organization. We must think in terms
of an active process in the waking state that strives or secks continu-
ously and automatically to find erdered relationships in the perceptual
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environment . . . . We must postulate that it is this process of seok-

ing order where there is no order and of ahtempting to incorporate a-.i-
order into previously existing schemaba that accounts for the perceptusld
changes, instanility aad inconstaacies . . . of the outside worid. Our

ata sugzest that these effects may be diie to the release of teadencies

inherent in tre primitive perceptual process but normally Leld in check
by a process of structuring aad stadilizing the visual field."

Another approacn to the analysis ol hypodymamic conditions is that of
Davis, MeCourt % Solowon (1950), o asked whether the effects of sensory de-
orivation are the rasult of lack o stimulation per se or the lack of mean-
ingfulness of the stimulation. Ten Ss were confined for ten hours in bank-
type respirators according to the prozzdure of Mendelson & Foley (1956). The
respirators were coatained In a senmi-darkened room aad stimilation was further
reduced by cardboard cuffs, coastant auditory stimuli (tank motor) and the
air-conditioned room. Light flashes from a 150 watt bulb-were presented
raandomly. Perceptual effects were categorized as analogies, daydreams, fan-
tasies, illusions and nallucinations, the latter teing categorized following
Vernon's (1961) system. A number of aberratioas wece reported, but a statis-
tical comparison with the responses from two similar control groups ylelded
no significant difference.

Daris (1959) coadacted an investigation in order to determine whether
or not somatic activity is eahanced under uypodynamic conditions. He reasoned
that minimal sensory input, if increased linearly, shouald result in a corre-
sponding effect upoa somatic activity. Therefore, tne critical factor is the
level of stimulation and no% necessarily the variety of stimli. Two groups
o0° college students were 3elected, twenty-two 'in the control group and twenty-
eight in the experimental group. The tank-respirator situation was used. The
two groaps were glven a pre-isolation test for the varlables measured, i.e.,
electrocardiogram (ECG), electromyogram (EMG), pulse volume, respiration rate,
and skin conductance {GSR). A short term analysis of the data of both groups
consisted of comparing recordings made five minutes prior to beinz exposed
to deprivation conditicns aad recordings takeu for one minute periods follow-
ing five minutes and ten minutes exposure respectively to the deprivation
conditions. The stimulus group had a 300 cps sound preseanted through ear-
phones in addition to a very dim light for the minute of recording whereas
the non-stimulus group had no stimulus presented., The resulis Indicate a

150

significant difference btetween the two greoups in EMG activity in which the non-

stimulus group demonstrated greater muscular activity than the stimulus group.
There was also a slight aifference in respiratcry and circuiatory activity,
but the recpiratcry cycle is of particular interest since the non-stimulius
group increased, thus indicating a possivle appreuensive state with anxiety
teing induced by the saverely restricted state or stimulation. In addition,
+he pulse volume exhibited s significant difference in that the ron-stimulus
group manifested a decrement and thus ir indicatvive of an apprehensive state
as inferred from vaso-constriction cf the bleod vesse_s. The data seem to
‘ndicate +that the effect of stimuli reduces muscular and circulatory activity,
Lt inereases the respiratory rate wnereas under ¢

eprivation, the individual tends to a greater nus
and inhititicn of respiraticn, & patiern character
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Mendelson % Foley (1956) studied the aberrant behavioral patterns ex-
hibited by polio patients who were under treatment in tank-type respirators.
Tt was noed that a number of patients developed cognito-perceptual distor-
tions, hallucinations and delusions of many kinds. Extensive laboratory
tests using normal subjects failed to yield data ..at woull support the con-
tention that metabolic or toxic products were responsible for the generation
of the effects in the confined patients. These reports support previous
findings that the erfects were due to being confined in the respirator and

exposed to decreased external environmental cues.

Since the meaning of the phenomena was in question, it seemed that more
research was warranted in describing and defining more precisely these effects.
The reports oa eight patients is worth summarizing here.

1. A 22 year old female with involvement of the neck, trunk, and legs-
was well orieunted until her fifth day in the respirator, wheno she
becam lisoriented as to time, place and person. She had vivid
auditory and visual hellucinations with the latter being tri-
dimensional and in color. Her most vivid was that of being driven
about-the hospital in a car shaped like a tank~type respirator with
her head protruding out of the trunk. In a few days, the symptoms
ceased, but she continued having dreams which she could, however,
distinguish rather readily from reality. Her dreams decreased in
qumber and vividness after veing removed from the respiratvor-and
transferred to a bed.

2. A 28 year old female with involvement of trunk, arms and legs was
well oriented until her seventh day in the respirator, after which
she began having hallucinations and delusions. They could be re-
callzd with ease and clarity. Her most vivid nallucinations de-
picted her being carried gbout in a elicopter shaped like a respi-
rator whose interior was entirely do.e over in foam rubber. Another
scene placed her ia a large ballroom wnere she is dancing alone, but
there were many respirators scatter:d about which she had to dodge
at all times during her dance. Another frequent and vivid scene
showed her son and ausbaad in respirators along either side of her
own. The distortions were worse at night, and only when the ward
was beinz cleaned or at meal times was she aware of her real environ-
ment.

3. A 31 year old male with involvment of the throat, trunk and legs
nad trouble recalling his attack, the initial hospitalization, and
the events up to the fifth day of confinement. At this time, he
began experiencing hallucinations and delusions which he was able
to recall very easily some time later. He recalled that the experi-
ences were more persistent and vivid as night approached with quiet
and darkness pervading the ward. He interpreted these as dreams in

- _ yhich he was at home and the setting was tri- nsional and in color.
While at home, he cooked several things which he stated "tasted
wonderful". He was aware of a neckplate or collar around his necx
similar to that worn in the resnirator and actempied on several oc-
casions while in the hazy state to rewmove it. Ancther more vivid



" periences, the patient vervalized, employing terminology peculiar
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; nis belief +that the family car was stolen and he
inzisted that nis wife nall the police. This persistant thought
andured for a muber of weeks following his discharge from tne hos-
pital until he was certain the episode was no% rea..

A 3% year old male with involvement of legs and arms, with severe
paralysis of his interccstal muscles, had poor recall of initial
hospitalization and began having distortions about two days follow~
ing placement in the respirasor. He was poorly oriented at all

times and dresms he was traveling about the world in airplanes, oa
camelback, etc., and was able +to verbalize his experiences and scenes
in a travelogue maaner. He did stase thalt they were more numarous
and vivid during the onset of evening wvhen the ward was dimly 1it.

A 31 year old male wihh total respiratory and quadriplegia paralysis
was formerly eugaged in tending vending machines. Imnediately fol~
lowing placemeat in the rezpirabtor, he began experiencing "dreaums”
in whicn he was traveling abouit Boston tending to his machines, but
a respirator was alweys in sight. In fact, many times the vending
machine turned out to be an iaverted respiravor. During tneze ex-

to iis profession and often times ised profanity wien he encountered
some difficulty servicing nis "macnines". The syupioms lasted four-
teen days and were more vivid in the morning hours while being washed
and/or attendsd by either his father or nurse. His recall >f the
expariences was very deseriptive a< he was able ©o recall small
objects that were improperly posit}oned. : -

An 11 year old malz with quadriplegia aad later paralysis of respi-
ratory musclzs cecalled oeing brought in the hospital and piaced in
t1e respirabor, but became progreasively more confused and disoriented.
Howaver, he did not report having aay "dreams"™ until his seventh day
after which he had them intermittently for the next ten days. They
were ratner vivid and repetitive, being more freguent at nignt.
While visitors were nearby, he was fairly well oriented and conversed
freely, but following their departure ne would immediately lapse into
recurrent delusional state with both visual and auditory hallucina-
tions. The dreams involved being driven home in his parents’ car
a“ter winich he would go to bed and £all into a deep sleep and wake
up f£inding himself in the nospital. HYe was able to report in coasider-
able detail the contents of his experilences. Upon being asked to
reiterate nis experiences wecks later when asymptotic, he did so with
a very complate report ef all the details he mentioned at the time
while in the respiravor.

A 43 year oli female with involvment of tae lags remained in the
respirator for three weeks during which che had to te fed Dy naso-
gastric tube due to ner unwillingness bo take Zood orally. She
reported being confused and following seven days in %ne resplracor
snhe began having 2 urring "dream" during the night an rly

rec i
morning. She visualized riding down to the end of the streen whers
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ner mother and sister resided, whereupon she saw 3 gorilla tower-
ing above the nousetops crushing the homes and persoans in them.
She saw her mother and sistec ranning up the sireet where they were
seized and killed by the teast, afler waich she attempted to get the
' respirator moving to evade the gorilla. She then found herself in
the hospital and relating the story to the nurses in a very emotlonal
manner. Her recall of the episode produced extreme anxiety. She
reported it as veing in color and tri-dimensional.

)

A 39 year old female with paralytic involvment of arus and legs had
a very slow progressive paralysis of the respiratory muscles whi-n-
required her being placed in a respirator seven days following her
initial hospitalization. - She was confused and disoricnted and did
not recall too well aer being admitted. Three days following place-
ment in the respirator, she began having vivid dreams depicting
either her death or that of a relative. In the most vivid of these
she recallsd being operated on for a brain cumor and dying during
the final phase of the operation. The oddity was that she had sub-
jective feelin s of the actual opera:ion, yet was also an objective
observer in tne amphitheatre. She later recallad tae events in the
funeral parlor, the services, and final entombment in consideradle
detail. She recalled the events wecks latec and 1t was the "sharpness
of the experience which made it difficult to differentiate from the
real despite the lapse of many weeks.

[63
D

A brief analysis of the patients' fantasies vield some iateresting facts
regarding the possible explanations for such e *30des. Locomobtion seems to
be a strong wish-fulfillment compoaneut of nearly all the hallucinatory experi-
ences, though tais was sometimes denied. Tnis suggests that the restriction
on mobility is an important variable as to wiether or not a S undergoing
sensory deprivation experiences cognitcmperceptnal.diskortigns, Tt. wouli also
appear as though the experlences were a sort of parade of events to occur in
the future which depicts the patient ani his tanx respirator in a familiar
enviroament. It is as if the patient were playing out a rol=s regarding pos-
sible egodynamic alternatives to prepare him for a future stressful situation,
thereby reducing the probability of exerting his tolarance levels to irrevers-
ible extremes.

These reports also reveal several other interesting events. First, only
in those patients who were confined {o a respirator did the "psychotic" syup-
toms appear, and they did not appear until at l=ast two days had been spent
in the respirator. The symptoms usually lasved for fron ten to fifteen days
following the initial onset of the distortive benavior. A specific trend was
noted which began with a disorientation of time, place and person, which was
intermittent throughout the total experience, which for the most part was
interpreted as being real by all the patients. The most striking effect was
that of machine locomotion where the patieats thought they were being trans-

ported about in.a car, train or helicopter shaped like a Ttank respirator.
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Tmmobility eppears to be an important factor in the generation of hypo-~
&~manic effects. However, to waal degree or how it interacts with the other
s¢. :ory conditions has not peen clearly analyzed. Ib seens ez trable to study
thi- variable more thoroughly slinuce wovement within a space capsule will be

limited.

A comparison of some of the conditions afrecting the oecurrence of hal-
lucinations is listed in Table V-2 {from Trecdman et a1, 1961).

o

TABLE V-2

. REPORTS OF HALLUCINATIONS UNDER
VAR?ING CONDITIONS OF MOTILIT? AND JISION

Experinenters Motility Visgg{_ggg;q Hallueinations
a. Wexler et al Restricted Monctonous, Les
(1958) dim light
b. Heron et al Resbricted Homogeneous, Tes
(1956) diffuse
¢. Goldberger % Restricted Homozeneous, Yes
Holt (1958) diffuse
d. Freedman & (i) Resbtricted Homogeneous, Tes
Greenblatt -~ . diffuse -
(1959) (11) Restricted ' Blackout Yes
e. Cohen & Restricted Blackout Yes
Silverman
(1959)
f. Vernon et al Free - Blackout (1) Wone
(1961) (11) Minimal
g. Ruff & Levy Free Blackout Minimal
(1959 b)

A major task of this review was to attempt to ideuntify the sensory
modality which is most suscepbible to hypodynamie conditions. Are the effects
of visual deprivation more severe than aaditory deprivation? Can activity
or somesthetic deprivation alone produce deficits? The answers bo these
questions would perwmit appropriate steps to be taken in the effort to neuvtral-
ize +the hypodynamic effects. However, the literature is not clear on these
points. The indications seem to ve that visual deprivation, pacticularly
the absence of interesting perceptual patterning, produces the most severe
symptous. The effects produced by a diffuse visual field are particularly
striking. - .
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Tt has also been found that ligat spots and patberns observed In &im
1lizht disappear and reappear unpredictably (Dunlap, 132%1; Guilford, 1927;
McKinney, 1953). Tais phenomenon has been related by McKinney to that of
the disappearance of images which are stabilized in one positioa on the ret-
ina (Ditchburn & Ginsborg, 1952; Riggs, Ratliff, Cornsweet & Cornsweet, 1953;
Pritchard, Heron & Hebb, 1960). These problems may appear if in%terior light-
ing is lost in the capsule. Tne possible ef'fect of prolonged exposurs o
the high coatrast visual conditions found ia the spacs envirommeat (cf. Rose,
196C) is also not known.

However, the auditory system has not been studi=d adequately, in that
all tae experiments have used masking noises. There are no dadta avallable
on She effects of proloaged exposure to nearly absolute silence, such as may
be obtained in a soundproof anechoic rocm. This variable may be particularly
important since, if power is 1ost in a capsule in space, auditory stimdli
could become reduced to very low lavels.

Anotner area of research which seems relsvant to the present spacz pro-
gram is the determination of the minimal amount af inforaaion necessary to
prevent hypodynamic effects. The concepsion of emergency devices to prevent
hypodynamism would profit from a systematic study of this problem..

C. Neurophysiolngical Mechanisms

Aay systematic attempt at the preseat time to infer the neural or chemi-
cal processes underlying the hypodymamic effects is premature. - However, by
taking certain receatly availablai data from neurophysiology, experimental
psychology, =:d prsianlogical theory, some insight can be gained of the worx-
ings of the central nervous system and its interactions with the sensory sys-
tems. The value of sucn speculations is not mecely theorztical or academic,
but also that they may help l=2ad to the generation of morve meaningful experi-
nents. .

The evidence indicates that in general terms the enviroamental stimii
m:st be interesting to the subject in order to be psychologically stimlating.
Tne organism soon adapts to the mere presence of or random variations in
physical energy, and consegaently the psychological stimulus value of such
events is practically nil. In this respect it is useful to borrow some con-
cepts from information theory: the psycholagical stimilus value of a given
{aput is a function of its information content, not oZ the noise.

These behavioral observations can now e tentatively correlated with some
recenbly discovered properties of the central mervous system. It is generally
observed that when an organism is alert, the electrical activity recorded from
its cortex shows a low-amplitude, high-frequency configuration, called the
"acetivation” pattern (cf. Gibbs & Gibbs, 1950). When it is asleep or inat-
tentive, the recorded brain waves are nigher- ia amplitude and lower in fre-

. quency. When the mesencephalic portion of the brain stem is stimilated elac-
ally in the slzsepiang subjecrt, the activation pattern replaces the slesep waves,
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other nand, wien * - 1; portion of the brain
troyed, in maay case rganizm reaains sou.olant or lsthargic,
: wares are 07 tne ﬁign-az 1itude, low-Ireguency varieby (Lindslev,
Schreiner, Knowl % Magoun. 1950;. These aand obther dakta nave lad. to the view
that the braia stean, in the normal organism, exerts a facilitaSory or imamo-
zenic effect on She central nervou s systew, particularly the cerebral zortex
(Jazper, 1953)., TFurthermore, there r2 some dasa wilen show o correlation
between measures of central nervous system activify lavel or tarousalt, 'ﬁd
Measaras o. pecformaice (Malmo, 1954) . These snow Shab perforaance (cognitive
and motor; iz low both wiaen arousal i3 very low (lathargiz) 2and when i% 15 T

and :ne organism wakes up. 02 th
3t 3

vl

o

- 5

Ligh (ex'lued) Tne best performance 3cores corralal the uniddle ranges
of arousal. These relationships have lad S0 tae Iovrad n of the concapt of

the 'optimum lavel >7 arousel! (Heob, 1995). There
collaterals of thne senlory pathwiays coaverge ia cerd a3 of the mesence-
phalic brainsten (3cnzibel, Scheidel, Molliza & Moru 1955). These collas-
erals are the aaatoalcal bacis for the arousal effects of sensory iaforaatic:
inpubs. Adaptation to stimuli also seems to ve 2 function of the bralasten

o} Vnmes D R - A

(Sharpl=ss & Jasper, 1950).

Vld‘Jce that

In addition “o its arousal eftects, anoiadr property of iarormation may
be termed its 'cueing' funciion, the significance teing that neural events
are thercby ordered sequentially. In a hypodymanmic enviroament, these temporal
cues are missing. Tt is probably significant, in this respect, that during
seasory deprivation, subjects charact ristically go to great langtus ia the
£fort to keep brack of time. Many means have teen mentioned, such ag counb-

L -

ing the pulse into the thousands, and the attemph 0 order one's thoughts axd
images ilato a conerent seqaence, gan be interpra ted to e a way of orderiag
fime. In a normal environment, where obJjects move Larough space and sounds
oczur, information on time 1is avallable to tae cenral nevvous systen. The
orderly temporal sequaence of exterual evenis zuppart or pacez, in some 23 yeb
unknown way, parallsl or aaalo’gous “iJﬂiZ in the ¢eatral nevvous system
(Hebb 1949, 1963). Whnen the ianforumasion inpab reuwsins at a Low L2vel for many
hours, the central nervous sysbten, not having a steady iaput to process, seems
to begia injecting information from i1ts memory store, in the efrort to pro-
vide the material oy which its activitiss can be kept ordered. The central
nervous system secms to operale on some time-dependant principl=. Such
autononous activibty is fairly coherent at first, but becomes more and more
randomn. As the steps involved in the processing of informabion becoms pro-
gressively disordered or asynciroaous, the temporalily ordered processes r2-
guired of aormal cognition, perception, and movement begin o deteriorace.
Many forms of aberrant oehavior, such as fPL111ga of u»oewaoqa.l‘abion, ral-
lucinations, and derangemeibs, can be coacepiaalized as Lhe occurvencs of
central neural events oub of their noraal temporal order. Jonversely, eflfec-
tive cognition, normal perceptlon, ani aczdaraie movenent, are all fuanctions
of the appcropriate orderiag of nearal avents la time. Enviroamental events,
as iaformation, appear Lo provide a framework of temporal continuity by means
o° which thoughts and aims are oriented and ordered. An interesting area ot

researcu, hoth from the theorestical and *hu pﬂa* bic2l maa-in-space polnfts of
“¥iew, i1s the deteruiization of the minimal amount o Information wirizh i3

necessary bto maintain normal neuronal th*né.
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D. Tests ard Test Procedures

Althoug™ the literature oa the effect of hypodymamic environmentis is
confused and incompleta to an exasperacing degree, there can be no doubt that
the-effects are real and of possibly great significance for the future space
traveller. Such effacts, whila perhaps unimportant on short-teru trips of a
few months' duration, may become obtrusive during missions lasting several
months or years. Also, as was mentioned earlier, another cirsumstance under
which hypodyunamic effects may arise is that following a composcant fallure or
mishap - loss of commnications with eartn, death or illness of the other crew -
zembers, loss of internal lighting and indicators. Without suca inputs, the
onset of hehavioral detericration may be rapli. It seems advisable fo dewelop
concepts and methods to prepare for sach possivilitie., the aim being to toy
to maintain the psychophysiologlcal iantegriby of the remaining astronauts as
long as possibls, thus incrcasing the probabilities of survival and rescue.

In order to.systewatically study the hypodynamic phenomenon, with the
purpose of mecting the needs of the projected man-in-space peograms, it ap-
pears necessary to devise studies in which quantitative relationships between
the stimulas conditions and the response parameters can Ye derived. 3By care-
ful ~0antrol and measarement of these factors, it may be possiblz to lsolate
the galient varisble or variables. Steps to neukralize their =fi'ects can then
be eveluated. In the following pages some of the considerations to e btakaen
into azcount in the de=sign of gquantitative experiments in this area are re-
viewad.

As indicated by Thorpe {1961) and Wheaton (1959), present measures of
respouase to a hypodynemic environment are primarily qualitative. Most of the
quantitative measurements which have been made are physiologicai in nature,
and are stress-oriented. These include studies by Burch & Greizer (1960) and
by Davis (1959). The physiolagical parameters monibtored have iacluded elzctro-
encephalograph, electrocardiograna, galvanic skin respoase and catechol amine
level of the urine. Studies by Coliberger % Holt (1353, 1961), ana dolt &
Goldberger (1359, 1360) are the major =ffort to date la analyzing the psycho-
logical aspects of the situation guanSitatively. The results reported oy the
various researchers poiant uwp the necessity for a wmore guantitative and analytic
approach now that the qualitative existence of hypodynamic pheromena has been
demonstrated. The studies by Vernoa (1961) which attempted to determine the
optimal conditions for halluciaation productlou were hampered oy lack of ade-
quate quantitative specirication of the enviroament. Similar studies by Davis,
McCcurt & Solouwon (1960) showed tae same difficulty in specifying the condi-
tions used and analyzing results. TIn general, the present status of the studies
on hypodynanics, after more than Sen years of work in the arez, still shows a
basic lack of the three elements necessary for gocd experimental resulis.

These are listed by Woodwarth & Schlosberg (1954):

v-2h
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iong k7 the experimaafer and olzers.

iariem of experimental conditions to peruif study o?

o

A prograa to permlb analysis of the efrectis of hypodymamic eaviroanents
mist meet the above criteria. Zuch a prograiu should result in experimenial

work in waiich the phssi i

~al shimili are Tully specified and the behavioral re-
sults are accurately measured. If this is done, it will be poz3ivls to da-
termine the changes in benavior whicn accompaly changes in tne enviroumeut.
Tt should also be possible to evaluate the degrec of individuali differences
in response to an enviromnment, and possioly to ovtala usefal aorcelations he-
tween responses on tests of individual éifference and parforamanze in specific
hypodymamic environnments.

Achieviang such resulbs will resguire acearabe quaniification of the physi-
cal stimuli, the test materials and sae sdvject's rasponses to bota. This
quantification is necessary in any atbempt bo study order=d rzlacionships
anong variables. tevens (1951) gives 2 bagic sumnary of tne Lypes of r=la-
tionships which are covered Ly machematical procaddaras. Tais use of matae-
matical specification can provide the necessary tools for betler understanding
of tne effects of hypodmazmic environments. The nature of the physical stimuli
permits relatively simpi= wantification. DLight level »aa be spacified in
tarms L P inensity, luminance, or oiaer unihs (foot candies or faot lamderts
are co;.on). Sound can be specified by decibels (sound pressure or pawer)
and by freguency analysis. Temperature and relative nunidity are 2130 easily -
measursd. Tactila stimuli may be guantified along dimensions such as rough-
ness, conbach arsa and contact pressare.

Three other sbtimulus variables of importance are Iess easily handlzd.
These are static aad dyaasaic patteraing aad the meaniangfiliaess of a given
stimilus conditioa. The first two are= paysical variables, aud cas be measured
in some degree. Static pattern caa be specified in terms of the area, peri-
aeter, angularity, regularity, sclidity and various otner paramehters, as wa2ll

s variability in relation to standard geometric foras asd randouwess. Move-
ment of the sensory field, or dymamic patteras of aobjeets in the field may b=
deseribed mathemastically, in simple linear cases by a velocity veclbor, and in
mor= complex motion by a saitable descriptive equation such as a Fourler series.

The measuremens of the meaningfulness of a particular stimlis configura-
tion is particularly difficult, as meaning i3 the result of the interacuion
between the puysical stimulis conditions and individual psychological factors.
Obviously, meaningfilness cannot readily be measured directly. At best we can
differentiate between responses to patteraed stimuli of Imown high generally
accepted meaning, and other randomly coastructed stimuli which have an empiri-
cally determined low level of assoclative cespoases. Such 1ow associabion
response patterns should be fairly valid for group daba, Tut may dve coasider-
ably less so for an individual. This typs of differsatianion may »e applica-
tle in the study of the effects of patterns in a hypodynasic eavironmant.
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Measurement of the rasponse also reguires careful comsideration. Accua-
rate measuremenss of the response are required to permit inference as to
changes in the orgenism. The resposses to be measured may be divided Into
four classes: physiological, psychophysical, cognitive, and emotional.
Pnysiological measurements irclude such parameters -as electrocardiogranm,
elactroencephalograph, electromyogram, catechol amine and metaoolic activity
levels. These measures are relatively easily quansified and analyzed.
Psychophysical behavior refers to the performance ol various acts which in-
volve direct interactiocn with the eaviromment. These would include reaction
time, tracking tasks, and various coordinated maneuvers. CJognitive funciion-
ing is the term used to indicate tasks primarily involwving complex mental
activity such as provlem solving and abstract analyses. The emotional measure-
ments involve attitude and personalibty factors. These are by far the most
difficult measures to handle qualitatively and analytically.

The effects of hypodynamic environments do not appear instantly, but
develop over a period of time. Longitudinal experimental studies are there-
fore desiraole to permit the study of the development of the phenome2naz. This
reqgaires that testing be performed during the hypod/manie-period witnout dis-
turbing the process by significantly changing the environment. Present data
do not provide any indication as to what tests will meet this criterion. A
preliminary set of parallel studies may be perforued 0 evaluate tests for
the longitudinal studies. A testing series shoulil inciude pre-exposure and
post-exposure tests plus varying amounts of testing during exposure to the
hypodynamic environment.

In addition to the basic response description, the tests may provide
a second venefit. This is the possible develnpaent of iifferentiation criteria
to predict how individuals will react to a hypodymamic environment. The varia-
bility of individual responses to a hypodymamic environment is quite large.
Some authors (Goldberzger % Holbt, 1358, 1361; Robertson, 1961 a2 b) consider
this variability Lo be tased on personality factors. Wnatever the case, the
variability may be pradictable, and some of these tests may be of predictive
value. In this area also, objective gquanbitative analysis is a must.

A third benefit of quantifiable tests is that tae degree %o which train-
ing can modify response to the hypodynamic eavironment may be determined. If
we can accurately measure changes in respoase, then techmiques for increasing
tolerance to hypodynamic conditions can be tried and evaluatad.

Tndividual differences are a major problem ia the measurement of the res-
ponses to hypodynamic conditions. As is evident from the literature review,
great variability in response 1s noted among subjects in ail rhases of the
studles. Attempts have been made to analyze some of these variables. For
exampls, Goldoerger & Holt (1958, 1961) studied the scorss on several projec-
tive and non-projective personality tests with what they termed "adaptive"
and "nounadaptive" benavior. This behavicor classification is psychoanalytic
in orientation, making use of the concepte of the so-called "primary" and

“"secondary" thought processes. The major difficulty is in drawing guantita-
tive relationships between these and environmental variables. A mor2 zxperi-
mental attack on the problem seems to be required in order to deteruine the
intzraction between the environment and the individual.
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een ziven Lo the requiremeats for tests which mey oe

Souz trought na eeq
at problem area. These are:

s b
applicablz to the prese

——— - et b

1. Quantif@iﬁi%ﬁty

The Leat items should te objectlively scorzablz on eltaer 2 Jis
(yes-no type answerz) or = conbtinuous (position) scalz, Whare rank-
{ag is used, the scale intervals should be consistent (cf. <t

-0

"ha criterion of reliability is repeatasility. A test which does
not consistently repeat the seoves or relative ordering of sudject.
taking the testu is of relaclvely little use. Two comaon » Tiability
test techniques ars "k split half (Spearwan-Browa) and west-retest
techniques (cf. Anastasi, 135%, op. 9h—ll9). The zplit half techni-
que divides th- test into “wo supposedly coaparable halves aud ana-
lyzes thesze. It is more 2 test 0f internal consistiency than i3 *he
test-retest methos in wiich the results of two successive =2dmiiistra-
tions of the same or "egiivalent" Torms of the test arz couparad.
3. Validity
The problem of test validity - does the test really measars wWa
is intended to measure? - is one of the most difficult and &
satisfactorily agswered in testing individial differences in response
Tae proovlem centers about the necessity of selecting criteria of
pehavior exharnal Lo tue test. This cocrelation vetween Lest score
and benavioral criberia is the basis of most validation procedures.
Anaztasi (1954, chap. 4) desccibes some of the different types of
validity measure used.

4., Ssandardization

Most tests are standardized for "general populatvion” norms with the
intent of making them as useful gs possibls for the largest possitle
group of people, or for specific zroups, such as sthose ciiniecally
deszcribed as mentally ill. Wnile general population nora tests miy
apply in varying degrees to ‘he nighly selected astronaut population,
the special zvoup test standardizavions dre provably not ver, usetul
in their existing forms and with “heir present scoring.

In addition to “he psychological tests, physological paramefters have been
menitored by some experimenters (e.g., Zuovek 2 Welsh, 1963; Zubek, Weinn &
Saunders, 1963; Cohen & Silverman, 1961; Meadelson 2t al, 1356C). 1ese have,
in general, showmn intere..ing correlavicns, such as 1 decrcase in the recorded
frequency of the electroencephalogran after extended exposure to nypodynamic
~onditions. However, the history of these tecnaiques is plagued by Aifti-
culties in interpretaticon, great varizbility in %,pe and degrec of respoasive-
ness among individuals, and methods of quantification and evaluatvion {Lacey,
1956; Martin, 1961). 1In his review Martin remarkz:
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"One ~annot conclude on the basis of the researches reviewed in this
paper, despite many suggestive leads, that nny clearcut pattern of
physiclogical-behavioral responses associated .with anxiety arousal,
distinguishoble from other arousal patterns, has been demons*rated.”

This is the classic problem of attempting to relate a particular pattern
of physiological changes with a particular behavioral response. The diffi-
culties seem to be meinly methodological, however, and the use of physiologicsal
monitoring in the study of hypodynamic vffects is not discouraged. However,
the difficulties mentioned cannot be minimized.

E. Summary

In this section a systematic and critical review of the literature

on the phencmenon loosely-termed "sensory deprivation" was attempted. Since
more than the manipulation of sensory stimuli is usuaelly involved in such
experiments, the more general term, "hypodynamic environment™, is used here-
in. The objectives of the survey were (1) toanalyze the evidence for the
cognitive, perceptual and effective aberrations resulting fram exposure to
hypodynamic conditions, (2) to identify the environmental events associated
with such effects, (3) to identify the sensory modality most susceptible to
hypodynamism, (¥) to evaluate the characteristies of individuals who are
particularly resistant or susceptible to hypodynamic effects, (5) to evalu-
" ate the test methods of identifying and evaluating such characteristies,

() to analyze the hypodynamic -aspects or possibilities of the space capsule
and the space -environment, (7) to review some of the ways in which hypodynamic
effects can be eliminated so that the reliability of man serving as a func-
tional component in.a space system can be improved, and (8) to point out areas
where research, particularly the establishment of" quantitative relationships
between environmental conditions (input) and behavioral response (output),

is needed.
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VI. CARDIOVASCCLAR MDDELS

-A. Imtroductice

In this section, ie present material on the problems of constructing
models of the mman cardiovascular systes. The objectives in undertakinrg
<his work may be summarized as—follows:

1.

2.

k.

b

Ce

Construction of models of the hmmn cardiovascular system which
would be useful in—preéict&ng'sane«at*ti!&et!écts of piacing 2
luman in a weightless state for prolonged periods of time.

Atitempts to predict from the -odéls design requirements for
monned space systems.

Determining the minimel set of ‘observable variables wvhicik will
best describe the state of the vascular system as a functica of
wine.

Determining means by which, at least theoretically, the perfora-
ance cheracteristics of the cardiovascular system casn be stabi-
1ized during the weightless state. -

The nesmalian cardiowascular system comsists of:

A liquid tissue, the blocd, which serves as the transport meditn
for certain mrtrierts required by the structures of the organisa
ard for the removal of metabolic producis produced by those
structures.

A central pmmp for imparting to the blood the energy required to
secure its passage through the circulzstory system.

The circulatory system itself which is canprised of sets of com-
duits which conduct the blood to the various tissuwes cf the

organisa.

Ihese*threeVitcls—constitutefthe—nnaoutele!euts-os-thefessentially
pechanical aspects of the system.

In addition to these mechanical aspects there are, as subsequent dis-
cussion vill show, classes of sensitive comtrol devices which serve to -~
regulate the overall operation of the system under a very vide range of
circumstances. Although at this juncture we do not wish to identify in
detail the precise mature of vhat constitates the comtrolled objects or
features of the system, ve note that one of the remarimble features of the

NOTE: This document page is double imaged.
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ckomical propsrties of the blood despite wide fluctuations in the external
environment. This constancy is a partial result of the stebilizing mech-
anisms waich regulate the perfcrmance of the cardiovascular system.

Because of the extreme complexity of its control mechanisms and the
experimental inaccessibility of many of its perameters, the cardiocvascular
system has proven to-be singularly resistant to-experimental investigation
even in the physiology laboratory. To gain experimental access to the
system, the Investigator is often forced to disconnect significant elements
from their attendan’ regulstory mechanisms and then attempt to extrapolate
his results to the intact organism. As in other fields of experimental
biology, the skill of the investigatcr in defining the subsystem of interest
.o that its separation from the main system produces as little disturbance
as possible,“has,,be,ema.,,ma,jor factor in tne progress made to date.

B. Models of the Physical Phencmena

The complex-problems of technique and. interpretation posed by the
experimental investigation of the cardiovascular system early led investi-
gators to examine the feasibility of comstructing models or analogs of the
system.

Models of the cardiovascular system have taken many forms, but for
the purposes of this report, we clacsify them as followss

1. Physical models
2. Mathematical models
3. Elcctrical analogs

Of these, the physical models have almost invariably be»n hydraulic, or
more generally, hydrodynamic systems incorporating pumps, reservoirs, and
tubes for the conveyance of incompressible fluids through the system.

The mathematical models possess an ancient and honorasble traditlon in
the physical sciences and in the last decade have begun to make significant
inroads into cardiovascular physiology. The variety of mathematical forms
taken by these models is enormous; examples-of-almest-every structure of
modern analysis are to be found in the literature of theoretizal cardio-
vascular physiology.

The electricel analogs stand somewhere between the physical and
methematical models. On the one hand, *»e design of an electric analog is
usually based on ideal mathematical relationships which must be formulated
in detail prior to the construction of the system, while on the other hand,
the analog once built will, like the physical model, manufacture departures
from identity which may in a qualitative sense -dntroduce complications into
the interpretation of the output of the analog.
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Physical models possess the disegreeable property that they are usually
costly to build, somewhat cumbrous and slow to operate; mcst important, it -
is often difficult to modify the parameters of the model so as to examine
4ts response over a range of conditions.

Despite these difficulties or drawbacks, physical models are often
indispensable in the study of complex systems. TFor example, the mathe-
matical analysis of complex valve systems—and—the interaction of valve
design and turbulent fluid flow is a problem which still defies the best
attempts of the fluid dynamicist. The only really satisfactory tool for
the study of this class of problems is the construction and study of physi-
cal models and protctypes. -Ageain, the naval architect, despite an enormous
s heoretical background, sust still depend to-a significant degree, on data
collected in test basins on model hulls.

Mathematical models and analyses, of course, constitute a powerful -
perhaps the most powerful - weapon available for the understanding and
formulation of physical problems. They are, however, only approximations
to the real world and ‘are usually approximations over a relatively narrow
range of the relevant parameters.

The formulation of a mathematical model is the special art of the
analyst. Successful formulation, however, still leaves the analyst faced
with the problem of obtaining solutions to the model. The history of the
natural sciences is replete with examples of models which have successfully
resisted the best effects of highly skilled mathematicians.

The advent of the modern stored—program digital computer, as well as
the availability of electrical analog devices, has added a new dimension to
the capability of the analyst in obtaining solutions to complex mathematical
models. In fact, experience to-date strongly suggests that sheer size alone,
within certain limits, need no longer constitute a problem to the investi-
gator insofar as the achievement of solutions to a properly formulated
problem.

Despite the increase in prob],em-solving technology made -possible by
the advent of computing devices, the investigator is still confronted with
the problem of verifying the range of validity of his model. Here the con-
~trolling word is range; because any srbitrary-model will be valid at least
at some arbitrary point in the dynamic response range of the phenomenon
bveing studied.

Verification of a given model may frequently require knowledge of the
values of experimented parameters which are of difficult accessibility.
For example, in subsequent paragraphs, the central importance of cardiac
outflov in the interpretation of certain data in cardi ogvascular dynamics
will be discussed. Methods for-messuring cardiac outflow in the intact
organism are not aveilable-and, hence, +the- verification of models of the
cardiovascular system in the intact unrestricted organism cannot be verified
with respect to this pdrameter.
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C. Plan of the Present Study

The organization of the present study is as follows:

1. An overall appraisal of the literature on mathematical cardio-
vazcular physiology.

2. ihe specification of a mathematical model or set of models cf the
cardicvaccular system with special emphecsis on problems 3 manned
space flight.

3. Certain broad scale simulations of the proposed model(s).

L., The construction, where required, of several physical analogs of
certain components of the cardiovascular system.

5. The design of lab.ratory experiments in lower species (dogs) to
verify certain of the system characteristics.

D. Major Features of Cardiovascular System

Although the major events of the cardiac cycle are well known, it is
desirable to briefly review them here because our concern will be to con-
sider the system as a feedback device. Consequently, we shall want to
identify the regulated or controlled quantities.

In Fig. VI-1 we present a schematic diagram of the cardiovascular
system. Venous blood, e.g., blood which has delivered up a portion of its

oxygen to the tissues and hz: been loaded with carbon dloxide, is collected
.at the vena cava under low pressure (2-3 m Hg). Under this pressure head,

the relaxed right atrium fills and, upon contraction, forces the volume of
blood into the right ventricle. The right ventricle then acts as a pump to
force the vencus blood through the lungs, where it is reoxygenated. From
the lungs, the oxygenated blood is drained to the left atrium which in turn
delivers it to the main pump of the circulation, the left ventricle. The
poverful left ventricle then ejects the blood into the main cireculation
through which it travels to various structures of the organism and even-
tually returns to the right ventricle. The heart, therefore, consists of
four pumps. Thses pumps are automatically and electrically bound together,
so that, under normal conditions, their action is well synchronized to
prevent any pooling or stegnation of blood in elther the right or left side.

The cardiac cycle is divided into two main events, namely, diastole
and systole. During diastole, the whole heart is relaxed, and its various

spaces fill with-bloed. Diastole ends with-the simuiianeous contraction of

VI-b

both atria, in which blood is forced into the ventricles. This is the so-
called atrial systole. The systolic phase consists of the actualejection
of the blood out of the ventricles and.into-the rulmonary, or systemic cir-
culations. In Table VI-l the major events of the cardlac cycle are presented.
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Fig. ViI-1 Schematic Diagram of Cardiovascular System




. As suggested in Fig. VI-1, the arterial and venous sides of the main
stem circulation are separated by flow impedances, which physically are

bmprised of the smell vessels and capilleries which penetrate the anatom--
sl structures and are the actual sites of oxygen/carbon dioxide exchange.
- TABLE VI-1

COMPARISON OF DURATION OF EVENTS OF CARDIAC CYCLE
IN MAN AND DOG IN MILLISECONDS

pent Man Dog
ometric Contraction 50 50

pduced Ejection 130 100

Total Systole 270 270

?otodiastole Lo 20
Bometric Relaxation 8o - : 50
-pid Inflow .110 60
astasis 190 290

rial Systole 110 110

Total Diastole 530 530

The Cardiovascular System as & Feedback Systen

In the following sketch we show the mejor components of a feedback
stem. The system is divided into two major elements, e.g., the cohtrolled
Ject ard the controller. The output of the controlled object is a time
arying quantity x(t). The current value of x (t) 1s sensed at the output
hd compared to c(t) the command or set level, to yleld the error e(t) =

t) - c(t) which is processed by the controller whose output z (t) is a
hanction of e(t). This control signal z(t) is fed back to the controlled
oct to readjust itc output x(t).
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D I x(t)

" controlled
object
z(t) -4 c(t)
| e
- ——— controller -4-—-1

In addition to changes in c(t) the system is subjected to "perturbations"
(%) which-are more or less random in nature. Since these perturbations
-propagate themselves to a greater or lesser extent into the output x(t)},
it is necessary that the controller be so arranged that its response time
and other characteristics be such that the controlled object's performance
be quickly adjusted for changes in both n(t) and c(t).

In case the system is linear, that is the output of any component is
related to the input by a system of ordinary linear differential equations,
a theoretical analysis of its response characteristics can be arrived at by
relatively simple techniques.

Actual physical systems are never linear, owing to departures of the
components from ideality, hysteresis effects, etc. The fmportant question,
however, is not whether the system departs from ideality but ratler the
magnitude of these departures. Many instances are known in which the
application of linear techniques to the system yleld results which are
satisfactory approximations to the actual performance.

In our analysis of the cardiovascular system we shall frequently

assume linear behavior of the system components. Nonlinearties will enter
the model through parametric control.

F. Review of Current Theoretical Cardiovascular PhysZology

In Fig. VI-2 we show a simple hydraulic system in which fluid is forced
by a pump through a resistive element from whence it flows back to the pump.
In order to-control fluid flow through the system we have at our disposal
three ‘veriables which we can regulate, pump frequency F, stroke volume Vg,
and resistance R.

In an analogous manner the fuuctioning of the cardiovascular system
appears to be regulated through control over these variables.

Grodins (1959) in an important and basic paper has attempted to inte-
grate certain of the known facts about the cardiovascular system into a
mathematical model. Because of the importance of this and later papers we
shall briefly review the model.
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Cohﬁider first an isolated ventricle. We assume that the useful work
of the ventricle is proportional tc diastolic volume Vg :

where the constant S is the so-called Starling constent (Delund 1962).

Since residual ventricular volume Vp is the difference between diastolic
and stroke volumes, i.e., :

VrTVdTVs | (2
_ ~e—have ‘

W’S(VJ’V,) k (3) ’

We may equate the work to the product of the mean arterial pressure load
Pa and Vd - VR to obtain '

vr’["(S/PA,] vé (4)
Equation (4) represents the emptying law of the isolated ventricle. Ven-
tricular £ilIling laws may be obtained from

RCV4+vy2CPy o - (8] ]

whers R denotes filling resistance, C the ventricular complience (a con-
stant) and Py is the mean venous pressure. The solution of {5 is

writing VJ‘ﬁpv*'(Vr -C Pv)‘e'vkc (¢) :
kie-L(60/F)-0.2]/RC | (7)
At |-k @

where F-denctes cardiac frequency in ‘cycles/sec. , permits substitution of
equation (4) and t = 60/F - 0.2 into equation (6) which ylelds

vy=CAP, /(1+k[(S/P4)-1]) (9)

Finally, using (2), (3), and (4) we obtain

vrsCAPv(P-s)/[ApA«fsﬁ] - ‘ (ro)
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Ventricular output Q 1is
Q =F Vs
Consequerntly, using (6) and (10) we obtain

Q=FSCAP, (AP *Sk)

Equation (12) constitutes Grod,ins' expression relating average cardiac out-
flow to the venous and arterial pressures. .

Turning now to the circulation, Grodins assumes that the circulatory
system can be described by ! .

CAS i’A $* [QL‘ ( Pas -P vs)/ Rs]

Cvs |.>vs ‘[’QR +( Pas - Pys)/ Rﬂ
CaPPaP=[Qr~(Pap -Pvp)/Re]
Cvp Pyp=[-QL*(Pap-Pvp)/Rp

where the subscripts VS, AS, AP, VP denote the venous systemic, arterial
systemic, arterial pulmonary, etc. lumped circulations and Qp, Qp refer to
expressions identical to Equation (12) specialized for the r&ght and left
ventricles.

Using this model equipped «4ith an arterial baroceptor loop Grodins—and:

his associates 196L have compared thelr output with those obtained from
laboratory studies in dogs. They compared open commend foreing-in-which-
the carotid sinus baroceptor areas vwere forced by an arvitrary function and
open and closed loop load forcing in which the total blood volume in the
circulation was changed arbitrarily. Since it is known (3) that the output
of the baroceptors is mediated via the medullary cardiovascular centers to
influence both the cardiac frequency F and the systemic resistance R, suit-
able representations of the functional dependence of the values of tlsaese
paresmeters on Ppg were included in the model.

 In sddition to the above "dynamic" control studies, Grodins -alse
examined the implications of the model under static condltions under a
- : [
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variety of load conditlons. These conditions were

1. Tormal Operating Conditions
2, Blood Volume Changes

3, Changes in Resistances

L. Changes in Cardiac Frequence
5. Myocardial "weakness"

6. Normal Exercise

In general the agreement between the output of the model and arterial ex-
perimental results was remarkably good. In particular, the response to

step changes in blood volume and changes in peripheral resistance as well

as a comparison of the response to changes in cardiac frequency were remark-
able. Studies on the effect of weakening the mycardium were also-undertaken,
and _here again the agreement petween the model and cbservations made on &

heart lung preparation were in excellent agreement. :

Defares et al (1962) and Hara 1962 have mechanized versions of the
model outlined sbove for computation on an analog computer. Both groups,
‘however, introduced significant improvements in the degree of realism of
their mudels by providing the system with gates to simulate the action of”
the heart valves. In addition, Hara provided his model vith a left and
right ventricle in which the ventricular compliance changed as a function
of time thus conferring.upon the structure an inherent contractability.

The models described above are, as their authors note, only broad ap-
proximetions to the physical system. There are several obvious and impor-
tant deticiencies which would need to be rectified before they would serve
as useful tools for the prediction of phencmena in the weightless state.

Perhaps the most important jtem is the inclusion of & model of coronary
blood flow in the overall system. In Equation (1) it is reesoneble to
assume that the starting constant S, as well as Vd are in some way related
to the integrity of coronary flow. Models of the heart action generated by
McLeod (1962) have attenpted to derive models of ventricles which obey
Starling's law but these authors did not include a coronary circuiation.

A second and perhaps equally important defect in these models 1s the
-absence of a functioning lung end the chemoregulating capability thet this
provides to the system. In these models the lung is regarded as an essen-
tially passive resistance. Again, vhile the literature conteins & number
of models of pulmonary gas exchange no car@iovascula.r model to our knowledge
has yet incorporsted such & model in the system. A third component lacking
from these models is the absence of an aortic capacitance.

The ascending and descending aorta act as a third ventricle. Blood
ejected by the left ventricle during systole causes poteatial energy to be
stored in the walls of the aorta. This potential euergy is then converted
to kinetic energy of flow which tends tc force the blood toward the periph-

ery.

VI-11
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Karreman has shown that the aorta can be treated as a two-chambered
elastic system connected by an inelastic passage. This approach has bveen

developed by Roston with several interesting consequences.

Roston (1959, 1962) assumes that the output of the left ventricle can
be represented by the positive arch of a sine function. Thus

Qui[bu{f'm')si"("”‘/")("”“) - (14)
" +bu(t-na-a/m)sin(m/a)(t-na-a/m) |

where
(t-na)= o, t <na |
B N L
J(t-na-a/m)zo0, t <nasa/m
=1, t2na+a/m (1€)
Writing

Wpenrra o

for the pressures P and Fp in the ascending and descending aorta, respec-

tively, Rooton obtained explicit representation of Pj and Pp as functions

of time. Because of their complexity, these functions are not included
here. Several conclusions of interest were reached from a study of the
solutions to Equation (17). First, P>, the pressure in the descending
aorta may exceed Py during most of the cardiac cycle, and Py and P do not
bear-any fixed relationship to each other. In clinical practice » blood
pressure is measured from the subclavian and brachial artertes. The mathe-
matical representation of this pressure will be the same as P5, and -since

“the—latter bears no particuler relationship to Py, clinical measurements

may be expected not to give accurate estimates of pressure in tae ascending
aorta.

Roston also Investigated changes in duration of cardiac cycle and dura-
tion of systole with fixed cardiac frequency. As the cycle lengthens, with
cardiac output fixed, the peak systolic and the diastolic Pressures decrease,
On the other hand, lengthening of the systolic intervel decreases the peak

systolic pressures but increases end diastolic pressures.

This finding may be of importance in cardiovascular homeostasis. The
lengths of the QT interval in the human electrocardiogram is approximately
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conctant x a,zdzreaisthedm-aximatmmcyele. The QT icter-
ﬂmﬂmehﬁl&wnﬁ@mm&hmdmmmsm.
ticnafsystalicejcctimﬁuthemtﬁ.chs. Thus, as the beart rate
_slows, the duration of systole incresses and this increese, s noted above,
increases end dastolic pressure. Sicce most of the flov of tlood through
the corcmaries oocnrs during disstole and since coromary flow is driven by
Mcpem,tbxc&mstemwshbiuumflw.‘n,as
seems reasomable %o suppose, Starlirg's comstant 5 s, in part, a function
afthemwegdtyoremmryﬂm,thenmmmofﬂemmm
staticmchﬁsnmldheapectedtomtimaseﬂeso:mcﬁamm
woul? lead ultimmtely $o vemrricular eekmecs.

G. Cardiac Peedback Mectanisms

Three major feedback loops aprear to bte operative in the regulation of”
carddcyascular function. These are: (a) heart rate comtrol mediated by
pressure charges in the carctid simus, (b) regulatioc wediated through
mmmwwuﬂwesmsmmm,adéa)-ms
in peripheral systems. iarmer (1958) and bis associates, and Clyres (1962)
tave imvestigated the pressure receptor feedback mecharism. Marper sensed
Mp:em_mthemoudslmsofthedogandproeessedtmsig-
mluomdingto?+!?=!tomemmmlmmpotenﬂalsvbichmre
inserced imto the cardiac branch of the vagus nerve. GHe found that because
oftbedelaylnthemspmsesofartcﬂolnmwthmcletomﬁsms
stimulation, the emplification of carctid simus activity aggravates ratber
than diminishes arterial pressure wvariaticns at certain forcing frequercies.
Be attributes this to the respcnse time lags in the effector organs..
—w:mmmmmrmmswimmmm
recponse of his system.

Clynes bas advanced a thecry which suggests that btlologlcal systems
m,hmrﬂ,mliw&ntotbeﬁctt&tthemﬁasuhihitm-
divectionnl rate sensitivity; that 1s, oving to the fact that almost all
xpown biological responses in meamals are inftiated through the release cf
M@Ws,mmmedamzmmm
mst alvays be ,itismtpossrnhtolnveneptiveemcentmimsas
coe has negative voltages. Therefore, it is impossible to cancel a re-
sponse cmce initiated. Furtbermore, responses to positive or negative
impulse functions are in the same direction.

Coe of the phenomena analyzed in terms of this theory is the phenome-
non of respiratory simus arrhytimia in vhich the heart rate is affected by
the respirstory movements of the chest. As a result, Clines was able to
mtcrptethisnmltsmteusdammmmictmgum
sﬂine@mheaﬂrmMSdmtomspdntunform-amerd
breathizng in a given subject.

NOTE: This document page is double imaged.
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It is not hard to see why the literature contains a paucity of models
of cardlac regulatory reedback mechanisms. The extreme complexity of the
mechanical system as exemplified by even the relatively simple model, mekes
it extremely difficult to quantatively deal with the synthesis and analysis
of a satisfactory control device. Furthermore, many of the parameters
required for insertion into a model are experimentally unavailable. Even
in those cases where static measurements are possible .on, let us say,
peripheral resistances, it has not yet been possible to experimentally
determine the functional dependency of this variable on some other gquantity,

such as pressure.

. Effects of Welghtlessness on Cardiovascular Dynamics

We turn now to the major point of this repcrt, namely, what is the
source of the obscrved discomfort reported to follow prolonged periods of
prolonged weightlessness.

First, we note briefly the following facts: in a recumbent person in
a 1 G environuent the blood flow through the brain is about 750 ml. per
minute while the corresponding oxygen consumption is approximately 45 mil.
per minute. Thus the brain, representing about 2% of the body weight,
ordinarily receives about 16% of the cardiac output and about 20% of the
oxygen consumed by the body in a basal state.

Since the brain tissue stores little glucose or oxygen, even brief
cessation of cerebral blood flow produces rapid loss of consciousness. It
may, therefore, be reasonably supposed that maintenance of cerebral flow is
vital to survivel of the organism and must be maintained at a nearly constant
level.

The brain is unique in that cerebral circulution takes place in a rigid-
case, the skull, and therefore the combined volume of brain, bloocd and
cerebrospinal fluid must remain constant. The actual effect of G-forces on

"the cerebral blood flow may be likened to the introduction of a back e.m.f.
into a circuit. Thus a normal person standing on a surface in a hypothetical
weightless state would, if the cardiovascular feedback sysiems were inopera-
tive, manifest a mean pressure in the carotid arteries of about- 100 mm Hg.

On the other hand, the same person suddenly inserted into a 1 G environment
would -experience a drop of ebout 40 mm Hg.

It seems likely that some degree of cardiac embarrassment is likely to
-ensue when a human is brought from a 0 G to 1 G environment. The reimposition
of G forces on a venous system that has become accommodated to a lower gravita-
tional load would lead to a decrease in venous return. Such a decrease in
venous- return would have to be compensated by (a) an increase in heart rate N
(v) an increase in stroke volume, and (c) an increase in resistance. The
preponderance of evidence points to an increased heart rate as the main
adjustment. Now, if the resistance to flow is accommodated to a lower load

VI-1h
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then it 1s possible that the left ventricle cannot maintain -a sufficlently
high disstolic end pressure to avoid some degree of myocardial ischemie.
This in turn might lead to & ghift in the Starling constant and hence a
transitory myocardial weakenss as suggested by Roston.

I. A Mathematical Simulation of the Cardiovascular System

In order to examine the possible effects of changes in gravitational
loading on the functioning of the cardiovascular system, a.model of the
cardiovascular system Figure VI-3 was formulated in terms of -an electric
analogy, and certain of its salient features examined mathematically. This
rodel does not depart greatly in spirit from those proposed by Grodins, Hara
or Deland. It contains, however, a division of the systemic circulation into
two major subsystems-the cerebral and non-cerebral systemic vessels..

Because of the absence of data on the time variation of the various
parameters ertering into this model, it was not considered worthwhile to
subject this to a full-scale simulation at this time, pending the completion
of animal verificstion of the circuit parameters now in progress. Instead,

" a similation was performed on the cerebral loop to qualitatively determine
the effect of sudden loading and unloading of the system by G forces. Since
the system is nonlinear, owing to the presence or dlodes, the detailed mathe-
matical analysis is not presented here. The discussion will be in terms

of the output of the simulation shown in Figure VI-4,

The circuit elements are as tollows;

Wo = Pressure of Heart f
R3 = Resistance of Heart

Dj = Aortic Valves

C, = Aortic Capacitance

E = Gravitational EMF

Rg = Cerebral Resistance

DS = Return Valve

RS = Systemic Resistance

Figure VI-5 shows (curve 1) the form of the pressure output of the left
heert vhile under gravitation, and curve 2 shows the similated sortic dlood
_pressure under the same load. :

Figure VI-6 {curve 1) shows cerebral blood flow under gravitation, and.
curve 2 shows the same quantity after sudden insertion into a 1 G envircn-
ment. As expected, blood flov is diminished, or nonexistent. Since it is
knowvn that heart rate is increased under such conditions, it was of interest
to examine the response of the system to guch increases.

VI-1l




Fig. VI-3 Electric Analog of Cardiovascular Systeni
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FIG. VI-5

FIG. VI-0

Figure VI-T shows (curve 1) blood flow through the cerebral circulation
under O G conditions. Curve 2 shows the greatly diminished blood flow after
sudden application of G forces. Curve 3 demonstrates the response of the
system and the substantial correction of blood flow due to a doubling o
heart rate. It is interesting to note that two-fold increasz in heart rate
is not sufficient to completely restore cerebral flow to its previous level

bvefore the application of the G forces.
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In-Figure VI-8 the simulated responses of the system to changes in
ventricular pressure are shown in seven equal steps over a range zero to
essentially maximum output. It will be noted that the cerebral blood flow
is fairly sensitiv.ely dependent in & complex manner on cardiac output.

S

1 0w & W

FIGo VI'B

In Figure VI-9 is shown the relationship between heart rate amplitude,
pressure amplitude and systolic duration. Curve 4 shows the cerebral flow
Just sfter the sudden epriication of approximately 1 G. <Curve 2 -displays-
the corrective action of increasing the heart rate while holding amplitude and
gystolic duration constant. Curve 3 shows an effect of doubling the amplitude

"
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of the heart with the same heart rate as Curve L, Curve 1 displays the changes
due to increased systolic duraticn.

S~ 3

FIG. VI-9

J. Mechanical Analogs

Figures VI-10 and VI-11 show some overall views of a mechanical pump
designed to study pressure relationships in a system of tubing. The purpose
of the construction of this cardiovascular model is the study of liquid flow
into and out of a valved pump. ' Since the flow of liquid tends to become
turbulent in the ventricular chambers, it is difficult to study this type
of problem mathematicelly -or electrically.

As the results of further system similations and animal experiments be-
come available, this mechanical model will become increasingly useful as a con-
venient tool to explore pump dynamics under realistic conditions. Such pumps
to be effective require an intrinsic servo control, tnat is, pump rate must
be controlled to keep pace with venous return so as not to empty the system.
Included as an addendum to this section of this report is & paper from the
University of Pennsylvania Harrison Department of Surgery on work performed
urder subcontract to study and explore means by which such servo devices can
be implemented. The theory that this device has proven most useful in pto-
viding insight about one of the means by which the right and left heart is
synchronizad in actual performance.

K. Discussion

In this report, we have not attempted to summarize the monumental litera-
ture which has accumulated in the past 100 years on the pulsatile and non-
pulsatile flow of liquid in elastic tubing. Rather, we have concentrated on
integrated models of the cardiovascular system. Our reason for this selection

VI-19
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is cimple: we see little practical utility at this time in the detailed analysis
of blood flow through selected portions of circulation. Strange as it may

seem the literature contains very few attempts to construct a model of overall
circulation and these are cited here. Data concerning the velues of the system
parameters are scarce. Sufficient information now exists to determine how
cardiovascular models should be constructed but what is lacking are data on
flows, impedances and compliances under conditions of full and partial weight-
lessness. Subsequent phases of this effort will be concentrated heavily on
animal experimentation in an effort to determine if indeed underloading of the
baroceptors and thelr subsequent reloading after a number of months does leed

to, transient myocardial weekness.
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At present it appears important to be able to vary the output of an
artificial heart to meet the varying circulstory needs of an experimental
animal. The role of vencus pressure has been recognized as an Important
factor in the control of cardiac output slnce the pioneer work of Starling (1).
In congestive neart failure (2), ablation of nervous control as in complete
heart block (3), ard ir derervated hearts (U4), the importance of venous
pressure Las been demonstrated but the physiolcsic mecharnisms involved have
not been fully clarified. -

Venous pressure has beern utillized to coutrcl tne flow rate of a heart
lung machine (5), Sirsk, Ellison and Zollinger fourd that venous pressure
was a reliable aid in controlling flow in left hesrt bypass procedures (6).
Saxton and Anirews noted the [mportance .of venous pressure wnen nan-ozclusive
centrifugal pumps were utilized for total heart replacemert (). Artificial
hearts in wnich cardiac cutput is adjusted by variable filling proportisnal
to venous pressure are arotner example Iu which verous rressure Is of great
impartance in cardiec ocutput control (8).

This report describes a-servomachanism Jesigred to control cardiac out-
put by monitoring the venous pressure and adjusting cardiac output appropri-
ately. The change in cardiac rate Is proportional to the integral of venous
pressure change frou 2 predetermined value.

MATERIALS AND METHCDS

The apparatus (Flgure 1) consists of a strain gauge for m2asuring venous
pressure, a servomechanism, -and a regulated DT power supply with remote pro-
gremming. The oatput of thls power supply operates an artificial ventricle.

PREASURE CFFILY

HEART PYNP PROPORTIONAL CORTROLLIN
SURT TOR 08 € & RinOY '
A7 BIOME (NS TRUNENTA.NG
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A block dlagram of the servomechanism is shown in Figure 2. The venous
pressure signal froma Statham pressure trensducer (P23IC) is offset in the
servomechanism by another voltage whose value 1s the "reference pressure”
(Figure 2). Thus, when the venous pressure differs from the preset reference
pressure, an error signal is generated. This voltage is fed into a IC ampli-
fier (Brown 356413) whose output drives a 2 phase motor (Brown 3624:(9-1).
This motor turns a potenticmeter which is-connected to the "remote programming”
terminals of a DC power supply (NWE Model TR35-2). Since the movement of the
potentiometer is determined by the product of %time and voltage to the motor,
this has the effect of integrating the venous pressure and changing the pump
voltage as a function of thlis integral. .

The experimental set up used to evaluate the apparatus is shown in
Figure 3. The pump used has been described previously (9). Briefly, it is
a disphragm pump‘*ofthe—ptston—ty'pe, -powered by a DC motor and having a
positive displacement. The pump output 1s proportional to the motor voltage.
The output of the pump rises through a height of 120 cm. ngo and empties
into reservoir "A" (Figure 3). The flow from reservoir "A" to "B" is con-
trolled by a valve, which may be used to vary the lumen of the outflow
tubing. When the lumen was decreased in size, it was assumed, in this mock
circulation set up, that the "peripheral resigtance” was increased. The
changes in resistance indicated later are produced by simply turning the
knob.
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To begin an experiment, the desired venous pressure (usually O cm. Hs0)
vas set on the "reference pressure” dial. The resistance valve (Figure 3
was opened to-some arbitrary point, and the pump was started. It was con-
sidered that equilibrium was established when the level in reservoir "B' was
constant.

In the first experiment the performance of the servo was tested by
making sudden changes in the "peripheral resistance” (and, hence, venoas
return) and recording the consequent effects on venous pressure and pumxp
voltage (heart output).

In the second experiment, a sudden change in the venous pressure was
made but the peripheral resistance-was -held constant. The tim> required
for the servomechanism to equilibrate following this change was measured at
various flow rates and various magnitudes of venous pressure change. These

changes were effected by pouring various volumes of fluid directly into
reservoir "B" through a funnel

RESULTS

After allowing the system to come to equilibrium, the "peripheral
resistance” -was iucreased at the time indicated by the arrow in Figure 4.
This resulted in _an immediate decrease in venous pressure and was followed
in about 2.5 seconds by a corresponding decrease in pump output. The pump
output soon adjusted to the new flow rate into reservoir "B" and the venous
pressure returned to the preset valve of O cme HpO.
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Figure 5 shows the -result of -2 successive instances in which "peripheral
registance” was decreased by opening the walve. In each case, the venous
prescure rose in response to an increase in flow into reservoir "B" and was

prouptly returned to the preset-value by an approrriate increasz in the pump
flow rate,
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The -time required for equilibraticn varied between 23 and 37 seconds
following venouns pressure changes of & %0 2% ca. Ho0. The nurber of cbser-
vations was rot large but no correlztion between the time irnterval and the
magnitule of pressure change or the various flow rates was apparent.

It is important to note that in this latter experiment, in which vencus
pressure was changed withcut changing "paripheral resistence”, the pump flow
rete returned to its previous value since no psrmanent change in venous
return was made. However, in the first experiment (Figure 5) which did
involve a permanent change in "peripheral resistance”, the flow rate adjusted
to & higher-value to correspond to an ircreased vercus return. :

DISCUSSION
The use of venous presswre as a mathod of control of pump cutput allows

1) Maintenance of venous pressure within physiologic limits ut
all times thus preventing high venovus pressure and subsequent pulmonary or

-peripheral-edema, -and preventing low venous pressure with consequent total

collapse of the great velns.

2) A mathod of output control believed to be not unlike that
seen in certain cllnical situations.

3) The use of au small, relisble, pressure transducer as opposed

to-more complex blood flow or cxygen tension transducers.

The concept of operation cf the apparaztus described in which pump out-
put is proportional to the integral of venous pressure differs from that of
the StarIing concept in that the venous pressur: in this setup always returns
to a single, preset "ideal" value as pump output changes. In the Starling
concept, however, an increase in pump output is seen with an increase in
venous pressure. The use of an integrating circuit adds electrical stability
to the system in that no pump response is seen following such transient dis-
turbances as venous valve opening and closure.

The ultimate use cof this servemachunism for total heart replacement is
where—twn—such mechanismsareutilized, one to control right heart output
and one to control left heart output. Such a system based on venous pres-
sure regulation will function only if the circulating bloci volume is rela-
tively comstant. It hac become evident that circulating blood volume is &
function of the blooi flow rate. Gianalli, Robinson, Best and Kirby (10)
bave studied blood volum: of animals on total cardiopulmonary bypass.

Venous pressure varied from O to 10 cm. HyO during the experiments., It was
found that each animal's blood volum2 was a function of the perfusion rate,
Higher flow rates were associated with greater blood volumes, A similer
conclusion was-reached-by Fries, Broi¥der, Hufnagel and Rose (11) who studied— -
the effects of varying the ocutput of a mechanical left ventricle on the cir-
culation of the dog. These workers made no attempt to keep venous pressure
constant., .



Ia the intact animal, compensation for the required change is ir blood
circulatlng volume is accomplished by the large atount of blooi stored in
the pulmonary circuletion and more complete systolic emptying of the ven-
tricles (12). Tn-the animal with an artificial heart cf the positive dis-
placement pump, oue of these reservoirs is removed - that of more complete
gystolic emptying. A servom2chanism vhich maintaine a constant wenous
pressure will prevent further pooling of bleod in the venous system during
exercise and thus reduce the need for artificlal blood reservoirs in con-
Junction with +he-artificial heart.
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VIi. FUTURE DIRECTIONS OF THE CYBORG CONCEPT

A. Introduction

The NASw-512 Contract is & blological design study of man, particularly
in alien or extra-terrestrial environments. It concerns itself with the
systems requirements for the optimm life support, man monitoring-controi,
and spacecraft configuration design which will insure his safe and continmued
contribution to extra-terrestrial and space explorations. By thorough study
of man's systems and subsystems when subjected to the simulated and actual
conditions of extra-terrestriel environments, we will be able to make sig-
nificant progress toward the better understanding of man as a space voyager.

In long-term space flights, the physiologic well-being of the pilot is
of primary concern to the earth-bound medical monitors. While on such
flights, the pilot/astromaut must be protected not only from all of the knowm
hazards of space environment, but must in addition receive protection from
those walch are suspected to be of a debilitating nature. By the same token,
the conquest of space by man must not be delayed by hyperprotective measures
adopted through an overcautious approach to the unkrown which require elaborate
ani unnecessarily redundant system designs. Cnly by a complete understanding
of man's psychophysiological reactions to these hazards can we be permitted
to let such flights take place, and be in a position to predict with any
degree of reliability the probable success of a given flight. i

As this report indicates, only selected areas merit detailed experimental

efforts in the Phase II portion of the CYBORG Program. These are mathematical
models (Biocybernetics), Sensory Deprivation, and Mineral Dynemics.

B. Biocybernetics

The ability to determine the performance of several aspects of the human
organism while it is subjected to the stresses of space flight, without risking
an astroraut's life, can be accomplished with a large measure of success by
terrestrial simulation. Careful analysis of many aspects of human functions
has shown that in many cases even the seemingly most complex systems can
be reduced to mathematical relationships. By computer simulation and
mathematical models of these systems we can develop an actual physical dynamic
analog of the system under consideration. By subjecting these analogs
‘to the environmental stresses of a space fligat in terrestrial simulation
laboratories we may be better able to gather a thorough understanding of the
system dynamics involved and generate the design requirements for this uspect
of manned space flight.

of conceptualizing and defining specific system components of man and ‘the
functioning of these components in an extra-terrestrial environment.

coman

! o
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As part of CYBORG, considerable effort has been devoted to the synthesis
of a non-linear mathematical model of the human cardiovascular system
designed to reproduce the salient features of its functioning under several
environmental conditions and, pessibly, under certain types of psychological
inputs. In the continuation of the JYBORG concept in Phase II, efforts will
continue to be devoted to the development and exploration of a cardiovascular
system model and will be extended to other human systems and subsystems.

It is recognized that the experimental verification of this analytic model

in all detail cannot be undertaken without access to a gravitation-free
environment. It is possible, however, to perform significant experimental
work in animale which have been subjected to surgery in which their carotid
sinuses and other baroceptors have been denervated. These -animals can be thus
regarded as "pseudoweightless” fram the cardiovascular viewpoint, and hence
can be used in studies designed to eveluate the response of the cardiovascular
system to certain standard irpvwis such as would be encountered in rapid
re-entry from & decp spece mission.

Sinee one ultimate objective of this program is the design of sensing
and processing systems, it must be emphasized that ultimetely some aspects
of this work must be performed under actual operational conditions in man.
It is not possible or desirable at this time, however, to do more than
point out the necessity for this ultimate test. Addit:onal understanding
of human cardiovascular dynamics can be expected to improve the precision
with which we can specify more nearly optimum sensor-processing systems.
For example, blood flow or vascular current is an important but difficult
to measure physiologic parameter. It is conceivable, as shown by F.! Cope,
that blood flow can be determined indirectly from data on blcod pressure
and blood vessel compliance.

Relationships such as the one indicated above have been investigated as
part of Phase I and should certainly be further studied in this proposed
program. The avallability of molecular integrated circult techniques makes
it entirely conceivable that once a set of railonal requirements has been
genevated, small senscr-processer units can be designed which will handle the
data in a manner which will permit the display of more meaningful cardio-
vascular variables. Even in those cases where it is not feasible or desirable
to incorporate the data processing elements in the sensor packages themselves,
the processing methods can still be incorporated in suitable computing devices
for remote handling and display. After this obJective 1s accomplished,
studies will be undertaeker to explore the utility of preparing analog
packages of the human vascular system. Such packages, once developed, would
prove useful in both terrestrial experimentation and in the preliminary
exploration of extra-terrestrial environment.

C. Seasory Deprivation

This area has been inecluded in the CYBORG Study because many reported
effects of sensory deprivation constitute a serious modification of norme}
functioning, and there are grounds for supposing that the space cupsule
constitutes a restricted enviromment which provides significantly less
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gensory stimulation then that to which humans ere usually accustomed. A major
contingency which rust be guarded against on any extended space mission is
the induction of hypodynamic conditions as & result of the failure of any
component.. For example, loss of power could result in the cutting of
communications with earth station. In order to maximize the probebility

of survival, it is essential that design requirements be specified and
devices Be incorporated which will maintain the sensory environment at a

high dynamic level.

The major purpose of the proposed study is the ideatification and
evaluation of the means by which man can be prepared to cope successfully
with the many psychological stresses which may affect him during long-term
space missions. The need for this work arises because man is basically
a bioclogical organism designed to operate within the parameters defined by
the earth environment. Desplte a remarkable degree of overdesign, there are
many areas in which man's capabilities fall short of requirements posed by
such missions.

On the basis of the present analysis, time-structuring events such as
programs of moving displays, sound, and recorded material of interest to
the crew seems to merit investigation. Other uctivities such as problem-
solving requirements and sequential tests may be promising. The design
requirements of such devices should receive the highest priority. By
presenting to the pilot changing patterns of. sensory inputs, we may be able
to control his pcssible lapse into a state of sensory deprivation and.
prevent its attendant incapacitating effects from ever occurring. In'
addition, it is felt essential that means be formulated which will have the
capacity to monitor the status of the CNS. Such a device would be able
to determine the level of CNS reactivity to a marginal signal input and
determine whether quite unconsciously the pilot is gradually losing control
of his conscious mental processes.

D. Mineral Dynamics

On each of the three United States manned orbital flights, collected in-
and post-flight urine specimens showed significantly elevated levels of
excreted calcium. This is a phencmenon which has been frequently oh<erved
in the past in cases of nospital patients subjected to extended per: is of
{mmobilization, in sensory deprivation studies, certain stress situavions,
and in simulated weightlessness experiments involving water immersion. It
remains to be determined, however, whether this increase reflects potentially
serious drainsge of calcium from the skeletal system. In order to monitor
and appraise the significance of alterations in caleium output, it is
necessary that a detection system be devised which will permit the tracing

~of the mineral through the several metabolic compartments.

It can be unequivocally stated that no method is known today for
determining calcium movement other than those methods involving same type
of tracer. It ic to be emphasized that passive neutron activation methods
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are capeble only of "static estimates of calcium.” The elucidation of
the dynemics of the mineral requires the use of distinguishsble but
chemically identicel atomlc species. Therefore, a suitable system for
‘the detection of calcium dynamics must involve:

1. The use .of a tracer,

2. A suitable sensor, and

3. The application of correct data processing techniques
) to the information collected.
In the course of this proposed progrem, we shall continue the investigation
of calciun dynamics in man and animals fram the viewpoint of the changes
which occur as a result of immobilization and/or psychological stress and
establish the requirements for a detection system to determine and display
changes and predict trends in the pilot's calcium dymemics.

The CYBORG program 1s expected to be a long range program of study and
experimental efforts. The experimentzl phases are lutended to develop both
mathematical and physical dynamic models of important humun systems. These
will include the cardiovascular, endocrine, gastrointestinal, cutuneous, and
pulmonary systems. The physical models will be verified Ly actual laboratory
experiments and relating mathematical formulae will be developed to describe
interaction of the systems. These models will be simulated on the UAC computer
facility and dynamically tested, ultimately, in space environmental extremes.
Firm design requirements will be established for an optimized physiologic moni-
toring system as well as for the design requirements for a life support envi-
ronmental control system. Such systems will be integrated to provide a total
man-machine complex with man in the control loop as the forcing function.

Space capsule design requirements will be delineated, as well as a result of
sensory deprivation experiments and man-sugmentation mechanism design con-
straints.

These design requirement "groups" will be developed in such a way that a
relatively simple modification scheme will allow the requirements to change and
up-date the state of the art as time progresses. This will prevent the neces-
sity of having to fund an entirely new program every few years to redevelor de-
stgn requirements as the changing state of the art makes existing requirements
groups obsolescent.

Out of the CYBORG program we will be able to understand considerably more
about man, his systems and his subsystems. Methods for augmenting and extend-
ing his limitations, which will be compatible with the state of the art and
the applicability of men in a space mission will be derived from CYBORG in an
effort to obtain the maximum integration of man into a man-machine complex.

Hopefully, we will evolve a model of the central nervous system during
this period. This is an ambitious task, but mmst be earnestly assaulted if
~ such a worthy undertaking I5 to éver be completed. ’

A significant number of experiments will be performed on animels and man
throughout this program to verify the modeling concepts which have evolved from

VII-b
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the CYBORG theory. In this way, CYBORG will accomplish its nmission by provid-
ing a better understanding of the biological design of man and relating the

impact of this understanding to compatible hardware systems.
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